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ABSTRACT
Syntactic foams are composite materials in which the matrix phase is reinforced with
hollow particles called microballoons. They possess properties such as low moisture absorption,
low thermal conductivity and high damage tolerance because of their compositions.
Traditionally, syntactic foams are used for many high strength applications and as insulating
materials.

But for applications demanding better heat dissipation from syntactic foam,

conductive filler materials need to be added while maintaining its property of low density.
Carbon nanotubes although extremely conductive, have issues of agglomeration in the matrix. In
this research, a new approach to the problem of dispersion of nanotubes was attempted by
growing the nanotubes on the surface of glass microballoons. S22 glass microballoons with low
density were used in this work. Chemical vapor deposition was used for growing nanotubes on
the microballoons using nickel as a catalyst. Nickel coating on microballoons was obtained via
an electroless plating process. Observations were made on the nickel coating and nanotube
growth processes with the help of a Scanning Electron Microscope (SEM). Thickness of the
catalyst layer, growth temperature, gas flow rates and the quality of palladium activation were
found to be the determining steps for nanotube growth. Transmission Electron Microscopy
(TEM) was used to characterize the growth of nanostructures. Multi-walled carbon nanotubes of
6 – 20 nm were grown in this research. The thermal conductivity of nanotube-grown syntactic
foam was tested on a Flashline thermal analyzer utilizing a flash method. For comparison
purposes, plain and nanotube-mixed syntactic foams were fabricated and tested for conductivity.
The effect of amount of nanotube and microballoon on the conductivity of the material was
xii

studied. The conductivity increments were low due to thermal boundary resistance occurring at
the interface of nanotubes and resin. Nanotube-grown foams increase the thermal conductivity
of plain syntactic foam by 86%, as opposed to nanotube-mixed ones which showed lower
conductivity values than plain syntactic foam. TEM images showed that the mixing method had
nanotubes being highly agglomerated whereas the growing method was successful in creating a
well dispersed network of nanotubes.

xiii

CHAPTER 1. INTRODUCTION
1.1 Composite Materials
1.1.1 Definition
In modern day applications usage of high performance materials is the key for efficient
functioning of the system. It is difficult to achieve high levels of performance from any single
material. Thus new materials, which are combinations of two or three different materials, are
fabricated to satisfy the diverse performance needs in various applications.

The resulting

combinations of different materials are called composite materials.
A composite material is a macroscopic combination of two or more distinct materials,
having a recognizable interface between them [1]. The properties of composite materials are
different and improved as compared to constituent materials.
1.1.2 Classification of Composites
The constituent of composites includes a matrix and a reinforcement phase. The matrix
can be either polymer matrix, metal matrix or ceramic matrix. Polymer matrix composites are
more widely used because of several advantages such as resistance to chemicals, resistance to
corrosion, high strength to weight ratio, low thermal and electrical conductivity and low moisture
absorption.

Further discussion in this research work deals with polymer based matrix

composites. The reinforcement in composites can be either single phase or multi phase. A
multi-phase reinforcement is achieved when a number of materials are used together. Based on
the reinforcement, composites are classified as fibrous composites or particulate composites [2].
1.1.2.1 Fibrous Composites
Fiber reinforced polymer (FRP) composites consist of fiber as filler material.

The

arrangement or orientation of the fibers relative to one another, the fiber concentration and the
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fiber distribution have a significant influence on the strength and other properties of fiberreinforced composites. FRPs have one or more discontinuous reinforcing phase in continuous
matrix phase.

These composites are widely used in many structural applications where their

mechanical performances are of primary importance. Examples of fiber reinforced polymer
composites include, vinyl ester resin matrix reinforced with glass fibers, epoxy matrix reinforced
with carbon fibers, etc.
1.1.2.2 Particulate Composites
Particulate composites are made of one or more particulate phase reinforced in a
continuous matrix phase. The reinforcing particles can be metallic, ceramic or polymeric [2].
The shape of the filler particles play important role in determining the properties of the
composite. Some of the common particle shapes are spherical, flaky and cubical. Due to the
difference in particle shape, the surface area is different for each particle at same volume
fraction. Variation in size of particles affects the interfacial area between the particle and the
matrix. Also, the stress concentration factor is different due to particle size and aspect ratio. Out
of all the particle shapes available, spherical particles are more popular. Appropriate choice of
particles can produce composites having superior strength, high damage tolerance, excellent
wear and chemical resistance.
1.2 Syntactic Foams
Particulate composites fabricated using hollow particles are called as syntactic foams.
“Syntactic” is derived from the Greek “syntaxis” meaning “orderly arrangement”, which means a
material having absolutely isotropic physical properties [3]. The hollow particles used are called
as microballoons. Syntactic foams are classified as closed pore foams since the porosity exists
inside the microballoons. Syntactic foams consist of a microballoons phase and a resin phase.

2

Figure 1 shows a scanning electron microscopic image of syntactic foam having microballoons
embedded in resin.

During fabrication of syntactic foams, voids are formed in the matrix due to

entrapped air. Because of the presence of these voids, syntactic foams become three phase
structures. A schematic representation of two and three phase structure is shown in Figure 2.

Figure 1: Scanning electron microscopic image showing syntactic foam

microballoons

void
matrix

Two phase

Three phase

(a)

(b)

Figure 2: Schematic of (a) two phase syntactic foam and (b) three-phase syntactic foam
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Syntactic foams were developed in the 1960s as buoyancy aid materials for deep sea
applications [4].

Syntactic foams fabricated with microballoons possess lower density as

compared to solid particulate composites and fiber reinforced composites. Microballoons used
can be of glass, ceramic, steel and aluminum [3, 5] and are available in various sizes [6]. Closed
pore structures are considerably stiffer and stronger than open cell structured foams [7].
Syntactic foam composites usually possess low moisture absorption [8] and low thermal
conductivity [3]. They have high compressive strength and damage tolerance as compared to
other closed cell structured materials, making them very attractive for structural applications [9].
Syntactic foams fabricated with higher volume fraction of microballoons can be used in various
low density applications, such as naval, aeronautical and aerospace applications [10-14].
1.2.1 Thermal Conductivity of Composites
Resinous composite materials such as syntactic foams are used as insulators due to the
low thermal conductivity [3]. However, applications such as electronic packaging in laptop
computers and hand-held telephones [15] require low density materials with good thermal
conductivities, hence the thermal response of the composite material is important. Furthermore,
applied heat loads can induce thermal stresses, leading to structural failure [16]. This requires
composites to have a lower coefficient of thermal expansion and better heat dissipation
properties. The thermal response of a composite material can be improved by increasing its
thermal conductivity. Conventional filler materials such as carbon fiber, carbon black, carbon
nanofibers have been used in the matrix of the composite to increase its thermal conductivity
[17]. In 1991, the discovery of nanoscale graphitic tubular structures, or carbon nanotubes, by S.
Ijima [18] created a vast scope for improving the properties of composites. Unlike other filler
materials, carbon nanotubes possess the unique feature of having a superior combination of
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mechanical, electrical and thermal properties [19-21]. Nanotubes have been successfully
investigated for field emission displays, micro-electronic devices, sensors and energy storage
devices [20], for attenuation of electromagnetic radiation and microwave absorption [22, 23].
The exceptional characteristics of carbon nanotubes make them ideal candidates for replacing
conventional fillers in the matrix of composites. Inclusions of carbon nanotubes in matrix in
extremely small quantities to form nanocomposites have shown to improve the mechanical
properties to a large extent and the electrical properties by several orders of magnitude [24, 25].
Judging by the enhancements in mechanical and electrical properties, the addition of carbon
nanotubes in the matrix of syntactic foam should also increase the thermal properties of
composites significantly. This would result in the formation of a lightweight, thermally and
electrically conductive composite having excellent mechanical properties as well. However,
there is also some ambiguity in the case of thermal conductivity of nanocomposites. Some
published results of fabricating nanocomposites showed large improvement [26, 27] while some
others have shown only marginal increase or even a decrease [28, 29] due to issues with
dispersion and phonon scattering. With a need to increase the thermal response of composites,
there is a need to investigate the thermal conductivity of carbon nanotube reinforced syntactic
foam, and also find ways for complete dispersion of nanotubes in the matrix of syntactic foam.
1.2.2 Current Research
The current research deals with the thermal characterization of plain and carbon nanotube
reinforced syntactic foams. A novel approach was attempted at including carbon nanotubes in
the matrix of syntactic foam by growing carbon nanotubes on the spherical surface of the glass
microballoons. Syntactic foams produced by adding nanotube-grown microballoons are termed
as Nanotube-Grown Syntactic Foam (NGSF). Chemical vapor deposition, one of the leading
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ways of producing carbon nanotubes, was used in the synthesis of nanotubes on the
microballoons.

Previous studies of carbon nanotube dispersion have been limited to the

nanocomposite [24-29], which is a mix of nanotubes and the binding material, but not of
syntactic foam. Thus it is necessary to obtain a better understanding of nanotube dispersion in
syntactic foam. It is also necessary to understand the effects of variation of the amount of carbon
nanotubes and glass microballoons on the thermal properties of syntactic foam.
Carbon nanotubes were commercially obtained and mixed with glass microballoons and
epoxy resin to fabricate Nanotube-Mixed Syntactic Foam (NMSF). Nanotube-mixed syntactic
foams were fabricated with 0.1, 0.2 and 0.5% volume fraction of multi-walled carbon nanotubes,
and 3M-S22 type of glass microballoon. The volume fraction of microballoons was maintained
at 10, 20 and 50% in composite foams. Plain syntactic foams were fabricated with same volume
fractions of microballoons, but without nanotubes.

Of the variety of samples fabricated,

syntactic foams with 50% volume fraction of microballoons were found to have the least density.
Since the objective of the research was to obtain lightweight thermally conductive syntactic
foam, nanotube-grown and nanotube-mixed syntactic foams were compared at this volume
fraction.

Thermal conductivity tests were performed on the composite foams using a

FlashLineTM5000 thermal analyzer.
1.3 Thesis Organization
Chapter 1 gives a brief introduction to syntactic foams and its advantages and applications.
Chapter 2 includes the previous work performed on syntactic foams to study its properties under
different test parameters. It also includes the results of reinforcing composite materials with
various fillers and selection of nanotubes for current research work. The process requirements
for growing nanotubes on glass microballoons are also studied.
6

Chapter 3 includes the description of various raw materials used, composition of materials in
plain and nanotube reinforced syntactic foams and fabrication procedure.
Chapter 4 includes the details of testing considered in this research work and the equations for
determining thermal conductivity through this testing.
Chapter 5 discusses the developments and observations made in the process of creating
nanotube-grown syntactic foam. The results of thermal conductivity of this composite are
compared with plain and nanotube-mixed syntactic foam.
Chapter 6 presents the conclusions and future work.
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CHAPTER 2. LITERATURE REVIEW
Syntactic foams are lightweight composite materials fabricated by dispersing hollow
microballoons in resinous matrix. The hollow microballoons can be made of glass, aluminum,
carbon, phenolic and polymer, depending on the strength and density requirement. Puterman et
al [30] outlined the methods of preparation of syntactic foam and the physical properties of its
components such as the matrix and the filler materials. In their study, Puterman et al.showed
that the void content of syntactic foam increases with decreasing resin content. The compressive
strength and modulus increase with increasing density of the foam. Bunn and Mottram [31]
studied the compressive properties of syntactic foams fabricated with phenolic microballoons at
different volume fractions. They observed a decrease in compressive strength with an increase
in microballoon volume fraction. Gupta et al. [12] conducted compressive tests on syntactic
foams fabricated with glass microballoons and concluded that compressive strength is found to
be higher than syntactic foams having phenolic microballoons. Gupta et al. [32] also studied the
mechanical properties of syntactic foams by taking radius ratio of microballoons into
consideration.

Radius ratio (η) is defined as the ratio between inner to outer radius of

microballoons.

Difference in radius ratio of microballoons causes a change in density of

syntactic foams. The lower the radius ratio, the higher is the density of microballoons [32]. It
was also found that the compressive strength and modulus of syntactic foams incorporated with
lower radius ratio microballoons was higher compared to the syntactic foams incorporated with
higher radius ratio microballoons.
Syntactic foams have been found to exhibit lowest moisture absorption capability among
all foamed plastics [11]. Earl and Shenoi [33] studied the water uptake in closed cell polymeric
structural foam and concluded that mass of composite foam increased with square root of time.
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Hobaica and Cook [34] studied the characteristics of syntactic foams such as strength-to-weight
ratio used for buoyancy applications. They observed that the percentage weight change of
syntactic foams due to water absorption decreased with a decrease in the density of syntactic
foams. Gupta and Woldesenbet [7] performed hygrothermal studies on syntactic foams and
found that the compressive modulus decreased with an increase in moisture content, when
immersed in de-ionized water and salt water, respectively. It was also found by Gupta and
Woldesenbet [7] that in both cases the peak compressive strength decreased with an increase in
temperature from 25ºC to 70ºC.
The properties of syntactic foams can be altered by varying the volume fraction and
density of microballoons. Syntactic foams having high compressive strength and modulus can
be fabricated by using high density microballoons (350-460 kg/m3). However, such foams
suffer from disadvantages of high density and low fracture strain of about 8-10% [35]. Also, this
limits the use of syntactic foams in light weight applications. It is observed that syntactic foams
using low density microballoons (200-350 kg/m3) have lower strength but their fracture strain is
higher than high density microballoons [35]. Thus, there arises a need to achieve combination of
high strength and high fracture strain in syntactic foams with minimal increase in density. One
of the methods to achieve this improvement is to reinforce syntactic foams with filler materials
such as short nanoclay, carbon fiber and carbon nanotubes. Some useful properties such as
impact strength and modulus, damage tolerance and fracture strain can be enhanced by the
addition of filler materials in matrix. Wouterson et al. [36] studied the effect of short carbon
fiber (SCF) reinforcement on the tensile, fracture and thermal properties of syntactic foam
fabricated using phenolic microballoons. It was observed that a 3 wt% inclusion of SCFs
increased the tensile strength, Young‟s modulus, plane strain fracture toughness by 40, 115 and
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95%, respectively. The addition of nanoscale fillers in minute quantities in the matrix of the
material provided superior results in enhancing the mechanical properties of composites. Peter
and Woldesenbet [37] showed that the inclusion of 1% volume fraction of nanoclay in the matrix
of syntactic foam provides an enhancement to the peak stress and modulus of the material at high
strain rates.
Gojny et al [24] investigated the mechanical properties of nanocomposites with the
addition of carbon nanotubes. Carbon nanotubes are long, slender nanostructures of the fullerene
family [38]. Unlike conventional nanoscale fillers such as carbon black, silicas, clays, graphite
and carbon nanofibers (CNFs), carbon nanotubes possess the unique combination of superior
mechanical, electrical and thermal properties [19].

This property makes them excellent

candidates to replace or complement the conventional nanofillers in the fabrication of
multifunctional polymer nanocomposites. Gojny et al. [24] found that the inclusion of only 0.1
wt% of nanotubes resulted in an increase of tensile strength, Young‟s modulus and strain to
failure. The improvement in fracture toughness in these nanocomposites was more significant
than the other enhancements [24]. Schadler et al [25] studied the mechanical behavior of
MWNT-Epoxy composites in tension and compression.

They found that the compression

modulus is higher than the tensile modulus, indicating that load transfer to the nanotubes is much
higher in compression. Lau et al [39] showed that for MWNTs, weak van der Waals forces exist
to link the individual graphene shells together, while all inner shells can rotate and slide freely.
They concluded that the usage of SWNTs would be more beneficial for improving the strength
of nanotube composites.

Using theoretical studies, Lau et al [40] found that the maximum

shear stress at the bond interface between the nanotubes and matrix increases with the increasing
wall thickness of the nanotubes. Tan et al [41] incorporated a nonlinear cohesive law for
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CNT/polymer interfaces in the study of the macroscopic behavior of CNT-reinforced
composites. They observed that although carbon nanotubes do improve the mechanical behavior
of composite at the small strain, this improvement disappears at relatively large strain due to
weakening of the composite by the completely debonded nanotubes behaving like voids in the
matrix. Stronger adhesion between CNTs and polymer matrix may significantly improve its
mechanical behavior [41].
In addition to mechanical properties, micro and nanoscale fillers also provide
enhancements to the electrical properties of composites. Thongruang et al. [42] showed that the
electrical conductivity of HDPE can be increased by adding carbon fibers and graphite particles.
Miyasaka et al [43] observed that the inclusion of carbon nanoparticles in polymers increased the
electrical conductivity by as much as ten orders of magnitude. Zhan et al [44] reported an
increase of several orders of magnitude in the electrical conductivity of nanoceramics by
inclusion of SWNTs. Kyamakis et al [45] also found the same results by adding SWNTs in
polymers.
Several studies were performed to understand the thermal properties of composites and
their filler materials [46-49]. Ting et al. [46] incorporated vapor-grown carbon fiber (VGCF) in
an aluminum metal matrix composite to increase the thermal conductivity. A high thermal
conductivity of 642 W/m-K was achieved using 36.5% volume fraction of VGCF, and was
unidirectional in nature. Since the thermal conductivity of aluminum is 235 W/m-K, the
inclusion of VGCF results in an increase of about 300%. Agari et al [47] studied the effect of
randomly dispersed and disoriented short carbon fibers on the thermal conductivity of
polyethylene. They concluded that conductive-chain formation became easier with a greater
aspect ratio of the carbon fibers. Syntactic foams are generally used as insulators due to their
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very high thermal resistance [3, 11]. This is due to the low thermal conductivity of glass and
resin, primary constituents of syntactic foam.

Shabde et al [48] measured the thermal

conductivity of three-phase syntactic foams fabricated using phenolic-based carbon
microspheres. Comparing experimental results with that of theoretical predictions, Shabde et al
showed that Eucken model [49] provided the best estimation of conductivity values. However,
for applications requiring composite with better thermal response or better heat dissipation
properties, the bulk thermal conductivity of the material needs to be higher [48].
Carbon nanotubes have been reported to have excellent thermal properties [50-52]. The
thermal conductivity of a single MWNT was measured by Kim et al [50] using a microfabricated
suspended device, and was found to be about 3000 W/m-K. Fujii et al [51] measured the thermal
conductivity of a single MWNT using a suspended sample-attached T-type nanosensor and
found to be around 2000 W/m-K. They also showed that the thermal conductivity increased with
decreasing diameter of nanotubes. Yang et al [52] studied the thermal and electrical transport in
MWNTs using pulsed photothermal reflectance and found that heat transport was dominated by
phonons instead of electrons. They also observed that the thermal conductivity was independent
of nanotube length.
Gojny et al [28] were able to obtain various findings on electrical and thermal properties
using different types of filler inclusions in nanocomposites, as mentioned below. By using a
three-roll mill, a variety of nanofillers such as carbon black (CB), SWNTs, double-walled
nanotubes (DWNTs), MWNTs, and amino-functionalized DWNTs and MWNTs were dispersed
separately in an epoxy matrix.

They showed that although the amino-functionalization

significantly improved the affinity between the epoxy and the nanotubes, it affected the electrical
and thermal conductivity of the samples [28].
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The formation of sp3-carbons due to

functionalization induces a distortion in the graphitic layer. These distortions are termed as
defects and thus reducing the maximum conductivity of the individual nanotube.

Non-

functionalized MWNTs were found to be the best candidates for improving the electrical and
thermal properties, followed by SWNTs, DWNTs and the functionalized nanotubes, while CB
was the poorest [28].
Gojny et al [28] showed that although electrical conductivity was improved by several
orders of magnitude, the thermal conductivity did not yield corresponding results.

Non-

functionalized MWNTs showed the highest, although slight, improvement while SWNTs showed
a reduction in conductivity. The reduction was attributed to a large interfacial area and strong
interfacial coupling of nanotubes with epoxy [28]. The thermal and electrical conductivity of
single and multi-walled carbon nanotubes in epoxy was also tested by Moisala et al [29]. They
were able to obtain electrically conductive samples with a percolation threshold (critical
concentration of the filler in the matrix [53]) of 0.0025wt% for MWNTs, 0.05wt% and 0.23wt%
for SWNTs by chemical treatment and ball-milling, respectively. However, the MWNT samples
showed only a slight increase in thermal conductivity, while the SWNT samples actually showed
a decrease in conductivity [29]. M. T. Hung et al [54] studied the thermal transport in polymer
nanocomposites reinforced with graphite nanoplatelets, using high-precision thermal
conductivity measurements. They showed that even though graphite nanoplatelets had proven to
improve the mechanical properties of the polymer matrix, their inclusion showed only a feeble
improvement in the thermal conductivity. This was mainly due to the effect of thermal interface
resistance. However, this was contradictory to the research work by Biercuk et al [26], where
the inclusion of SWNTs in epoxy was shown to increase the thermal conductivity of
nanocomposites at room temperature by 125%.
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The improvement was obtained through

ultrasonication of 1wt% of SWNTs. They also studied the inclusion of vapor grown carbon
fibers (VGCFs) which showed a comparative increase of only 45%.
A number of theoretical studies have been published on the thermal conductivity of
syntactic foams and nanocomposites in an attempt to explain the reasons behind the inhibition of
heat conduction in nanotube-filled composites. A. G. Leach [55] provided a theoretical model
for the prediction of heat conduction of isotropic materials with spherical voids. J. D. Felske
[56] used the self-consistent field model to develop an analytical solution for determining the
effective thermal conductivity of a medium in which composite spheres are randomly distributed
throughout a continuous phase. To consider the interface effect on thermal conductivity of
carbon nanotube composites, Nan et al [57] developed a simple equation using an effective
medium approach. The equation incorporates the interface thermal contact resistance and also
takes into account the aspect ratio of the nanotubes. Minnich and Chen [58] also presented a
modified form of the effective medium formulation for thermal conductivity of nanocomposites,
taking the interface density and the thermal barrier resistance into consideration. The effective
medium approximation (EMA) was able to accurately predict thermal conductivity for
macrocomposites but not for nanocomposites, since the latter contains an inclusion size which is
smaller than the phonon mean free path. Indra Vir singh et al [59] studied the effect of interface
on the thermal conductivity of a carbon nanotube composite using a numerical approach. They
suggested that the effect of interface on the conductivity of composite is small for short
nanotubes, whereas for long nanotubes, it has a significant effect [59].
Kaptiza resistance is the thermal boundary resistance which occurs at the interface when
heat flows from a solid into liquid medium [60]. Xue et al [61] performed a molecular dynamics
simulation to determine the thermal resistance of a model liquid-solid interface. A temperature
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gradient was imposed on the system and the heat flow was considered for one direction. The
simulations revealed distinct temperature drops at the solid-liquid interfaces which correspond to
the Kapitza resistance. Nan et al [62] also worked on a numerical model to determine the
effective thermal conductivity of particulate composites with interfacial thermal resistance. The
model uses Kapitza‟s thermal resistance concept and accounts for properties of the matrix and
reinforcement, particle size and size distribution, volume fraction and interfacial thermal
resistance, and the effect of the shape and of the orientation of inclusions on the thermal
conductivity of the composites. In a review of the thermal transport in nanofluids, Eastman et al
[63] have described the behavior of solid nanoparticles and fibers dispersed in fluids. They
concluded that the factors affecting thermal conductivity of fiber composites include the volume
fraction, the alignment of the fibers, the adhesion between the fibers and the matrix, and the
thermal resistance of the interface. For a solid-liquid interface the value of resistance is strongly
affected by the properties of the absorbed layer of liquid. They also point out that the interface
resistance plays an important role in the overall heat transfer, since the equivalent interface
thickness becomes comparable to the nanoscale dimensions of the fillers [63].
A few processing techniques such as magnetic and electric field processing were
attempted to increase the thermal conductivity of nanocomposites. Gonnet et al [64] studied the
thermal conductivity of random and magnetically aligned carbon nanotube buckypaper
nanocomposite. Using a SWNT loading of 50 vol% and 25-30 vol% for aligned and random
composites, respectively, they found that the magnetic field provided only slight improvement in
thermal conductivity over random composites.

E. S. Choi et al [27] used magnetic field

processing for the enhancement of the thermal and electrical properties of carbon nanotube
composites. Without magnetic processing, they were able to obtain a 300% increase in thermal
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conductivity for 3 wt% of SWNT loading. The magnetic alignment encouraged bundling and
provided only a 10% improvement with alignment. Martin et al [65] applied both AC and DC
electric fields between the electrodes during nanocomposite curing to induce the formation of
aligned conductive nanotube networks. They observed that the network structure formed in AC
fields was more uniform and more aligned compared to that in DC fields. However, the presence
of polymer barriers prevent the direct contact between individual filler particles and thus the
network efficiency was not improved by these processes [65].
Thus it is seen that the polymer in a composite material inhibits the formation of a
continuous network of nanotubes and subsequently inhibits heat conduction. The polymer also
causes nanotube agglomeration [28], which prevents a network formation of nanotubes. A novel
approach to the network formation of carbon nanotubes in the matrix of a composite material
would be to grow the nanotubes on the primary reinforcing material of the composite. In the
case of syntactic foams, growing carbon nanotubes on the spherical outer surface of the
microballoons would create a well-dispersed network of nanotubes in the matrix. The proximity
of the spheres in syntactic foams having high volume fraction of microballoons would enhance
the surface contact area between nanotubes grown on adjacent microballoons and thus form a
high conductive network of nanotubes.
Various methods have been established for synthesizing carbon nanotubes, such as arc
discharge, laser vaporization, pyrolysis, ion bombardment and chemical vapor deposition [66,
67]. Of these, chemical vapor deposition (CVD) has turned out to be the most promising method
because of many advantages such as high yield, high purity, controlled growth and vertical
alignment of nanotubes [67]. Chemical vapor deposition can be further classified as thermal
CVD with hot or cold wall reactors, laser assisted CVD, photo laser CVD, chemical vapor
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infiltration, fluidized-bed CVD and plasma enhanced CVD [68]. Of these, plasma enhanced and
thermal CVD are currently the most productive methods of nanotubes, while other methods
mentioned above are still in the research stage.

Thermal CVD is a form of hydrocarbon

pyrolysis [66]. The experimental setup requirements for this CVD method are fairly simple
compared to the others.
Before moving into the details of the chemical vapor deposition process, it is essential to
understand the growth mechanism and growth characteristics of carbon nanotubes. Teo et al
[69] reviewed the growth mechanism of CNTs and CNFs. Figure 3 gives a general outlook on
the growth mechanisms of these nanostructures. In general, CNT and CNF growth by the
catalytic CVD method requires catalyst nanoparticles (usually Fe, Co, or Ni), a carbon feedstock
(eg., hydrocarbon or CO), and heat [70]. The diameter of the filament is closely related to the
physical dimension of the metal catalyst. The particular ability of these transition metals to form
graphitic carbon is thought to be related to a combination of factors that include their catalytic
activity for the decomposition of volatile carbon compounds, the formation of metastable
carbides, and the diffusion of carbon through the metal particles.

Figure 3: Growth mechanisms of (a) CNT by bulk diffusion method (b) CNT by surface
diffusion method and (c) CNF by platelet stacking method [69]
17

Baker et al [71] explained the growth of carbon filaments by catalytic decomposition of
the carbon feedstock and bulk diffusion of carbon. According to this mechanism, as shown in
Figure 3(a), the hydrocarbon gas decomposes on the front-exposed surfaces of the metal particle
to release hydrogen and carbon which dissolve in the catalyst particle. The dissolved carbon
diffuses through the particle and is precipitated at the trailing end to form the body of the carbon
filament. Due to the exothermic decomposition of hydrocarbons, it is believed that a temperature
gradient exists across the catalyst particle [71]. Since the solubility of carbon in a metal is
temperature dependent, precipitation of excess carbon will occur at the colder zone behind the
particle, thus allowing the solid filament to grow with the same diameter as the width of the
catalyst particle. Although the catalyst is in solid form, during nanotube/nanofiber growth the
metal nanoparticles will behave completely differently than their bulk metal form because these
small particles will have exceptionally high surface energy, area and mobility [72]. Because of
the high mobility and reactivity of the metal atoms, the catalyst nanoparticles are often in the
shape of metallic clusters or have been observed to undergo certain surface reconstruction. This
liquidity of the nanoparticles supports the bulk diffusion mechanism. However, another common
growth model is a catalytic process involving the surface diffusion of carbon around the metal
particle [73], as shown in Figure 3(b). The carbon atoms diffuse over the catalyst surface to
form a tubular structure which emanates from the circumference of the catalyst. For nanofiber
growth, as shown in Figure 3(c), the general concept used is the creation of a faceted catalyst
particle so that the carbon feedstock decomposition occurs at certain faces whereas carbon
precipitation in the form of graphite layers occurs at other faces [74]. The graphitic platelets are
precipitated parallel to the surface of the faceted catalyst particle, and hence the angle between
the planes and the fiber axis is determined by the shape of the catalyst particle. CNTs are
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generally formed when the diameter of the filaments is about 50nm or less [75]. This is because
a single graphene layer of finite size has many dangling bonds, and these dangling bonds
correspond to high energy states. The total energy of a small number of carbon atoms is reduced
by eliminating these dangling bonds, even at the expense of increasing the strain energy, thereby
promoting the formation of the closed tubular structure.
Mendez et al [76] used image analysis algorithms to high resolution TEM images in order
to characterize the structure of MWNTs and CNFs. Skeletonized output images were obtained by
applying a fringe processing algorithm. The images revealed that the MWNTs produced by arc
discharge had straighter lamella and better stacking, while those produced by CVD had longer
continuous fringes. The nanofibers produced by CVD had platelet and herringbone graphitic
structure. Vander Wal et al [77] used scanning tunneling microscopy to determine the structural
differences in CNTs and CNFs and found similar results.
The growth of nanotubes is controlled by a number of physical parameters which vary in
importance and are interdependent. This will be explained in the following paragraphs. Yoon
and Baik [66] synthesized CNFs on Si wafers using Co as the metal catalyst. They observed that
the most important factor in the formation of nanofibers through the CVD process is the control
of the metal catalyst. In order to be effective for the growth of nanofibers, the catalyst needs to
have high solubility, and has to control the reaction step effectively from a state of carbon
supersaturation at a given temperature. In addition, its size should be small enough for sufficient
diffusion and supersaturation of carbon atoms in the lattice of catalyst metal [66]. For the
growth of SWNTs, the size of the catalyst is the most important parameter [78]. Results have
shown that SWNTs grow at catalyst sizes below 8.5 nm in diameter [79]. However, another
possibility of SWNT growth is by bundles of nanotubes precipitating from a single larger metal
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particle [80]. Chhowalla et al [81] studied various parameters affecting the growth of CNTs
using a plasma-enhanced CVD process. It was found that the diameter, growth rate and the areal
density of the nanotubes are all controlled by the initial thickness of the catalyst layer. They
observed that during annealing, the nickel catalyst film breaks into small islands due to surface
tension, as well as the compressive stress due to the mismatch of the thermal expansion
coefficients of Si and Ni [81]. The island size also depends upon the thickness of the initial Ni
film, and the nanotube diameter in turn is dependent on the island thickness. They also noted
that no nanotube growth was found in the absence of a catalyst, indicating its importance in a
CVD process [81].
As mentioned earlier, transition metals such as nickel, cobalt and iron are used as metal
catalysts for CNT growth. Huang et al [82] compared the type of catalyst used in the thermal
CVD process used for growing CNTs and concluded that nickel was the most suitable for the
growth of aligned CNTs. They found that nickel yields the highest growth rate, largest diameter,
thickest wall and better graphitization, while cobalt was the least preferable one. Lee et al [67]
also investigated the same catalyst types. They observed that the CNT growth rate was the
highest in the presence of nickel followed by cobalt and iron, while the crystallinity of nanotubes
was higher in iron than cobalt or nickel. The density of nanotube growth on the substrate
remained the same regardless of catalyst type. However, the iron was found to yield a larger
average CNT diameter than cobalt or nickel, which contradicted previous results [67]. CNTs can
also be produced using other types of catalysts and even without applying the catalyst film
separately before the CVD process.

Aligned bundles of CNTs were obtained on planar

substrates in a thermal CVD process by Wei et al [83]. Wei used a xylene-ferrocene mixture
which passed over lithographically machined silica surface templates at 800 °C. CNTs were also
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obtained over nickel-oxide catalysts via catalytic decomposition of methane by Chai et al [84].
The results suggest that the methane decomposition does not keep the catalyst particles active for
a long duration, and high percentages of CNFs were obtained with decreasing temperature.
A high growth temperature is required to anneal out defects so that well-crystallized and
straight nanotubes could be obtained [85]. The occurrence of defects would cause the nanotube
to bend during growth. In lower temperature CVD processes, curly or coiled nanotubes are
common variations to the perfectly linear nanotube.

Li et al [86] studied the effect of

temperature on the growth and structure of CNTs by the CVD process. By ranging the operating
temperature from 600 to 1050 °C, they were able to obtain very interesting results. It was found
that the rate of carbon decomposition was affected by temperature. Hence at temperatures lower
than 700 °C, thin hollow nanotubes were formed due to low concentration of carbon atoms. The
thickness and outer diameter of nanotubes increased up to temperatures of 900 °C after which the
yield was poor [86]. This was because chemical reactions may take place between carbon atoms
and the catalyst to form carbides, thus inhibiting the catalytic activity in the CVD process. Lee
et al [87] also studied the temperature effect on the CNT growth in thermal CVD by ranging the
temperature from 750 to 950 °C. They found similar results and also observed that the growth
rate increased four times with increasing temperature. Chhowalla et al [81] observed that higher
growth rate and better quality nanotubes generally observed at higher temperatures may be partly
due to the presence of specific excited or ionized C2H2 and NH3 species rather than the substrate
temperature alone.
Pisana et al [88] studied the role of precursor gases on the surface restructuring of
catalyst films during growth process of CNTs in the CVD process. Fe thin films were annealed
in argon (Ar), hydrogen (H2) and ammonia (NH3), respectively. It was found that NH3 was most
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effective in restructuring the thin film for SWNT growth. Of the three gases mentioned, only
NH3 and H2 are able to reduce the oxidized catalyst film and increase its surface mobility. K. S.
Choi et al [89] investigated the effects of NH3 gas on the growth of CNTs. They concluded that
NH3 plays a very critical role in the alignment of nanotubes, not by changing the surface
morphology of the Ni catalyst particles, but by inhibiting the formation of amorphous carbon
during CNT synthesis. Jung et al [90] analyzed the effects of NH3 on CNT growth by comparing
Ni and Co catalysts. Vertically aligned nanotubes were obtained in both cases. However
without the pretreatment, aligned nanotubes were obtained only with Co catalyst. They observed
that the role of atomic nitrogen from NH3 would be either to enhance the formation of graphitic
layer on the catalyst surface or to increase the separation of the graphitic layer from the catalyst
[90]. But only the former role was observed with the Co catalyst while both roles were seen with
the Ni catalyst. It was also noted that a sufficient supply of carbon is required for the high
growth rate of vertically aligned CNTs [90]. G. S. Choi et al [91] conducted a detailed study on
the role of NH3 for the vertically aligned growth of CNTs. NH3 was also compared with H2 for
pretreatment of the Ni films. It was observed that below 700 °C, the CNTs were crooked in
shape and amorphous carbon piled up, and H2 and NH3 showed no remarkable differences.
However, vertical alignment was obtained with NH3 above 800 °C [91]. The pretreatment time
showed no difference in morphology of Ni films; hence the etching effect of NH3 is negligible.
CNTs were obtained even when NH3 and C2H2 were flown simultaneously; hence NH3 need not
be introduced prior to CNT synthesis. But there is no growth if the NH3 does not exist at the
initiation of the synthesis. It was concluded that NH3 keeps the Ni particles synthetically active
by preventing deposition of amorphous carbon films. Atomic hydrogen from the NH3 reacts
with the amorphous carbon to form volatile products and keep the metal surface clean. CNTs
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were also found to grow radially thicker with synthesis time [91]. Ren et al [92] used plasma
enhanced CVD for synthesizing large arrays of nanotubes and noted that growth was obtained if
C2H2 and NH3 were passed through separately or together as a ratio. However there was no
growth if C2H2 was introduced before NH3; only amorphous carbon was formed. They observed
that although NH3 and N2 plasma etching roughen the nickel surface, the roughing is not
responsible for the CNT nucleation and growth.

Chowalla et al [81] observed in plasma

enhanced CVD that the amount of plasma also contributes to the degree of alignment, though not
for the nucleation of the nanotubes.
Lee et al [93] studied the effect of NH3 gas flow rate and pretreatment time on the growth
of CNTs on silicon substrates. It was found that the pretreatment time is directly proportional to
the diameter of CNTs due to larger island formation of the Fe catalyst particles, and the growth
rate of nanotubes is decreased with an increase in diameter. In general, the filament length
depends on the duration of the catalytic process, where longer durations result in longer
filaments [94]. Chhowalla et al [81] also showed that by taking the nanotube length as a function
of the deposition time, the length increases linearly with time.
Among hydrocarbons, acetylene has the lowest activation energy of 140 kJ/mole and the
lowest decomposition temperature of 700 °C, and hence is the most preferred carbon source gas
[68, 95]. It also had much higher yield and higher deposition rates than more saturated gases.
They also observed that saturated carbon gases tend to produce highly graphitized filaments with
fewer walls compared to unsaturated gases. Thus, hydrocarbons such as methane and CO are
commonly used for SWNT growth whereas hydrocarbons such as acetylene, ethylene and
benzene, which are unsaturated and thus have higher carbon content, are typically used for
MWNT growth [96].
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The flow rate of the carbon source gas is also one of the most important factors in the
CVD process. The growth rate of SWNTs is limited by the carbon supply to the catalyst
particles, whereas for MWNTs, the growth is limited by the diffusion of carbon through the
catalyst particle [97]. A limited carbon supply will likely allow the structures to form more
slowly, giving each carbon atom more time to anneal to its lowest energetic configuration. Yoon
and Baik [66] also noted that the growth rate of nanostructures decreased with increasing
acetylene flow rate, since a high flow of acetylene gas may lead to the formation of excess
carbon on the catalyst surface, which creates a difficulty in the sequential reaction. However,
when the acetylene flow was fixed, the growth rate increased with increasing hydrogen flow rate.
Thus it is essential to maintain the optimum carbon concentration in the catalyst by controlling
the flow rate of acetylene and the pretreat gas. Chhowalla et al [81] studied the influence of the
C2H2:NH3 ratio, one of the crucial factors in the CVD process. The NH3 flow was kept constant
while the C2H2 flow was varied. They noted that the rise in nanotube length depends on the
higher concentration of the feed gas, up to 30%. At concentrations over 50%, the amount of
carbon extruded through the metal catalyst exceeds the vertical nanotube growth, giving rise to
pyramidal structures. Additionally, since the relative NH3 concentration is less, the etching rate
is lower than the deposition rate, leading to a buildup of amorphous carbon [81].
Musso et al [98] reported a fluid dynamic analysis of the thermal CVD system. The
quartz tube housed in the cylindrical furnace for the process was 4.2 cm in diameter, and
ferrocene was used as the source gas. They observed that in the temperature range of 650 – 900
°C the fully developed laminar gas flow had a parabolic distribution inside the quartz tube,
which results in gas flow being higher at the center than at the tube walls.

However, a

temperature gradient of about 10 °C was created along the vertical cross-section of the tube.
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This gradient resulted in a secondary convective vortex flow perpendicular to the direction of gas
flow, thus creating a „stacking effect‟ on the substrate [98]. No gradient was clearly formed at
higher temperatures of 900 – 1070 °C and hence no secondary flow was developed.
Published studies show that carbon nanotubes have been grown on a variety of spherical
surfaces. Han et al [99] synthesized CNTs on hollow nickel microspheres at 800 °C using
acetylene as the carbon source gas. The importance of an appropriate feed flow rate of the
carbon source gas is mentioned here as a low flow rate gives low yield, whereas a high flow rate
causes generation of amorphous carbon. Kaur and Ajayan [100] were able to produce MWNTs
on silica microspheres using a thermal chemical vapor deposition method. The silica structures
were exposed to ferrocene and xylene at 770 °C and nanotubes of 3 µm in length were obtained.
The silica spheres were then etched out to create a 3D foam structure. Qiang Zhang et al [101]
used commercially available ball-milling ceramic spheres as substrate to grow CNTs. Ethylene
was used as the carbon source gas with the temperature at 800 °C and large bundles of nanotubes
up to 1100 µm in length were obtained on the 700 µm diameter spheres. Ethylene as a source
gas was compared with LPG and cyclohexane, and it was found that the other two had heavier
hydrocarbons as by-products in the exhaust. This contaminated the outlet of the reactors due to
coagulation on the wall. A floating catalysis method was used to introduce ferrocene as the
catalyst. S. Huang [102] succeeded in growing CNTs on patterned submicron-size SiO2 spheres
by carrying out the pyrolysis of iron (II) phthalocyanine (FePc). He showed that CNTs are about
30-50 nm in diameter and are grown perpendicularly to the curved surface. The SiO 2 spheres
have a tendency to self-agglomerate into regular crystal structures. Zhou et al [103] produced
SWNTs on silica spheres of diameters 350nm and 680nm. The nanotubes were grown using a
CVD process with methane as the carbon source gas. It was found that the nanotubes on the
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350nm spheres tend to grow across the spheres, whereas the ones on the 680nm spheres tend to
wrap around the spheres.
Therefore it is possible to synthesize CNTs on the surface of glass microballoons
provided a thin film of nickel exists on the surface of the glass. Thin films of nickel can be
deposited by a few coating methods such as magnetron sputtering, e-beam evaporation,
electroplating and electroless plating [67, 104].

Glass is a non-conductive material and

electroplating requires the surface to be electrically conductive.

Coating of thin films on

microballoons using sputtering and e-beam evaporation is not a viable option due to the
geometry of the surface. Thus, electroless plating is the most suitable technique for obtaining
uniform thin films of nickel on the surface of glass microballoons. Gao et al [105] described a
procedure for the electroless plating of nickel on amino-functionalized silica spheres. The
procedure outlines 3 stages for the coating process of a non-conductive substrate, namely aminofunctionalization, palladium chloride chemiadsorbed activation and finally nickel deposition. In
an experimental work on the electroless nickel plating on hollow glass microspheres, Qiuyu
Zhang et al [106] found that the deposits on the microspheres grew thicker with prolonged
plating time.

The magnetic property of the nickel-coated hollow glass microspheres was

improved by decreasing the concentration of the reducing agent and by increasing the pH within
some range in the electroless nickel bath. The advantages of electroplating and electroless nickel
plating as a deposition method of the catalyst were highlighted in the work by Riccardis et al
[104], where CNTs grown on carbon fibers were tested for the interfacial adhesion strength. The
nickel metal catalyst required for the CNT was deposited using plating methods. The CNTs
were subjected to four mechanical tests, namely immersion, magnetic stirring, centrifugation and
ultrasonication and were found to be intact after testing.
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Furthermore, few other factors have to be considered for CNT growth on glass substrates.
Since sodalime glass has a transition temperature of 600 °C [107, 108] and acetylene
decomposes only at 750 °C and above, the microballoons cannot be placed in the same zone as
the decomposition process. This necessitates a two-zone thermal CVD setup for the growth of
carbon nanotubes on the glass microballoon surface. A low-temperature growth of CNTs on a
20 x 30 mm2 sodalime glass substrate was achieved by Lee et al [109] using a two-stage thermal
CVD of acetylene gas. Acetylene was decomposed in the first zone at a higher temperature and
the substrate was placed in the second zone at 550 °C, lower than the glass transition temperature
of the substrate. The CNTs had a clean surface without any carbonaceous particles. The
nanoparticles of the nickel catalyst were encapsulated in the hollow structure of the nanotube. It
was observed that a small fraction of CNFs were also produced, and this fraction increased when
the temperature was reduced from 550 to 500 °C [109]. They indicated that attempts to grow
CNTs using a one-stage method were not successful. Lee et al [107] also synthesized CNFs
using the same method at 500 °C. The CNFs were bent and twisted, and the nickel nanoparticles
were present at the tip of the nanofibers.
The current research involves the fabrication and thermal characterization of nanotubegrown syntactic foam. It is necessary to understand and compare the two methods of nanotube
reinforcement in syntactic foam - nanotube growing and nanotube mixing. Hence the fabrication
and thermal characterization of plain and nanotube mixed syntactic foams is also carried out.
The thermal conductivity tests are conducted using a FlashLineTM5000 thermal analyzer. The
effect of inclusion and variation of volume fractions of glass microballoons and CNTs is
discussed.
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CHAPTER 3. FABRICATION AND NOMENCLATURE
3.1 Fabrication of Plain and Nanotube Incorporated Syntactic Foams
3.1.1 Raw Materials
3.1.1.1 Carbon Nanotubes
Carbon nanotubes are long cylinders of covalently bonded carbon atoms [19]. The ends
of the cylinders may or may not be capped by hemifullerenes. Three classes of carbon nanotube
structure are shown in Figure 4. There are two basic types of CNTs: single-walled carbon
nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). SWNT can be considered
as a single graphene sheet (graphene is a monolayer of sp2-bonded carbon atoms) rolled into a
seamless cylinder. Partial sp3 character of the carbon atoms in the cylinder increases as the
radius of curvature of the cylinder decreases. MWNT consist of nested graphene cylinders
coaxially arranged around a central hollow core with interlayer separations of ~0.34 nm,
indicative of the interplanar spacing of graphite [19]. A special case of MWNTs is double-wall
nanotubes (DWNTs) that consist of two concentric graphene cylinders. The experimental values
of Young‟s modulus and tensile strength for SWNTs were found to be approximately 1 TPa and
200 GPa, respectively, and a Young‟s modulus of 1000 GPa for MWNTs [25]. The MWNTs
used in this work are manufactured and supplied by Cheap Tubes Inc. The physical properties of
nanotubes are mentioned in Table 1.
3.1.1.2 Microballoons
S22 type of glass microballoons are used in this work. These are non-porous in nature
and are manufactured and supplied by 3M Company under the trade name „Scotchlite‟. The
average outer diameter of each microballoon is 35 µm.

Figure 5 shows a schematic

representation of microballoon radii. The other properties of these microballoons are mentioned
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in Table 2. Radius ratio is defined as the ratio of inner radius to outer radius. Equation 1 gives
the radius ratio of microballoons.

Figure 4: Three classes of carbon nanotube structure [21]: (a) armchair, (b) zigzag, (c) chiral
Table 1: Typical properties of multi-walled carbon nanotubes [110]
Properties
Appearance
Outside diameter
Inside diameter
Length
Bulk density
True density
Individual thermal conductivity
Purity
Ash content



ri
ro
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Values
Carbon Black powder
20-30 nm
5-10 nm
10-30 µm
70 kg/m3
2100 kg/m3
2000 W/m-K
> 95 wt%
<1.5 wt%

(1)

ro
ri

(a)

(b)

Figure 5: Glass microballoon: (a) Schematic representation (b) Bulk form
Table 2: Typical properties of microballoons
Properties
Average particle density [108]
Radius ratio [111]
Average wall thickness [111]
Isostatic crush strength [108]
Ultimate compressive load [112]
Fracture energy [112]

Microballoon Type
S22
220 kg/m3
0.922
1.26 μm
2.8 MPa
12 mN
25 nJ

3.1.1.3 Resin
The resin used is a high purity diglycidylether of bisphenol-A (DGEBA) having a trade
name of D.E.R.332. It is manufactured and supplied by DOW Chemical Company. D.E.R.332
has a tendency to crystallize if stored at a temperature below 25°C [113]. Crystallization may be
induced by chilling, seeding by dust particles or incorporation of filler materials. However,
heating the resin at 50-55°C restores it to liquid state. Long-term warm storage may result in
slight discoloration. This reversible process does not affect the performance of resin [114].
Typical properties of this resin are mentioned in Table 3.
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3.1.1.4 Diluent
C12-C14 aliphatic mono-glycidyl ether is used as diluent for reducing the viscosity of
resin. It has a trade name of Erisys GE-8 and is manufactured and supplied by CVC Specialty
Chemicals. It is found to be compatible with epoxy resin at all concentrations [115]. The
amount of diluent used in the resin system, affects the gel time and curing properties [115].
Table 4 displays typical properties of Erisys GE-8 diluent.
Table 3: Typical properties of D.E.R. 332 resin
Properties
Density at 25 °C
Flash point
Viscosity at 25 °C
Appearance
Weight at 25 °C
Shelf life

Values
1160 kg/m3
252 °C
4000-6000 mPas
Clear liquid
9.7 lbs/Gal
24 months

Table 4: Typical properties of Erisys GE-8 diluent
Properties
Density
Flash point
Viscosity at 25 °C
Appearance
Weight at 25 °C

Values
890 kg/m3
95 °C
5-10 mPas
Clear liquid, clean
7.4 lbs/Gal

Table 5: Typical properties of D.E.H 24 epoxy curing agent
Properties
Density
Flash point
Viscosity at 25 °C
Appearance
Shelf life
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Values
981 kg/m3
118 °C
27 mPas
Clear liquid
24 months

3.1.1.5 Curing Agent (Hardener)
Hardener D.E.H 24 is used for curing of matrix material. D.E.H 24 is liquid aliphatic
polyamine curing agent called triethylene-tetra-amine (TETA). Due to its hygroscopic nature
[116], D.E.H.24 is stored in its original closed packaging. Table 5 displays typical properties of
curing agent.
3.1.2 Fabrication Procedure
For fabrication of nanotube incorporated syntactic foams, resin is preheated in an oven at
50-55 °C for 24 hours to restore it to its liquid state. This reduces the viscosity of resin and helps
in better wetting of microballoons and nanotubes during mixing. The resin is then removed from
the oven.

Nanotubes are then added in required quantity and the mixture is mixed

conventionally. Conventional mixing involves the use of hands or any strong and non reactive
rod like a glass fiber rod to break the lumps visible under naked eye until they disappear. The
diluent is added and conventionally mixed to further reduce the viscosity of resin. The mixture
is then treated to ultrasonication process for 30 minutes under ultrasonic mixer, as shown in
Figure 6. The mixer is set at 40% amplitude for 30 seconds ON and 5 seconds OFF cycle. The
ultrasonic mixer has the advantages of multi-effect of ultrasound such as crushing, activation and
dispersion of particles [117, 118]. In this research work, ultrasonic mixer is used for mixing of
nanotubes in the matrix.
When ultrasonic waves pass through liquid medium (mixture of resin and diluent), a large
number of microbubbles form, grow and collapse in very short time. This process is termed as
ultrasonic cavitation [117], and causes high speed impinging liquid jets and strong hydrodynamic
shear-forces. These effects are used for the deagglomeration and milling of micrometer and
nanometer-size materials.

During the ultrasonication process, bundles of nanotubes are
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separated from each other forming individual nanotubes in the resin. This mixture is removed
after ultrasonication process and allowed to cool to ambient temperature as temperature rise
takes place under ultrasonic mixer. The mixture is then dispersed using a three-roll mill as
shown in Figure 7. The gap size between the rolls was 5 µm and the speed is set to 20rpm (1st
roll), 60rpm (2nd roll) and 180rpm (3rd roll). The dwell time of the mixture on the rolls is
approximately 1 minute while nanotubes are further dispersed in the resin by shear forces. In the
three-roll mill, a first primary dispersion of the agglomerates can be achieved by the kneadvortex between the rolls, while the final exfoliation and dispersion of the CNTs occurs in the
area between the rolls [24]. An advantage of this process is that while ultrasonication introduces
a high number of local shear forces, the three-roll mill provides a homogenous shear force over
the whole volume of the mixture. Microballoons are then added and the mixture is mixed
conventionally. Care should be taken so as not to damage the microballoons during the mixing
procedure. The mixture is again let cool to ambient temperature before hardener is added as a
rise in temperature could lead to an exothermic reaction damaging the composite.

Figure 6: Ultrasonic Mixer
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Figure 7: (a) Three-roll Mill (mini-calender); (b) Flow conditions in roller clearance [24]

Once the temperature of the mixture is nearly equal to ambient temperature, the hardener
is added and the mixture is again mixed conventionally. The entire mixture is then poured into
mold cavity. The mold cavity used is a steel tray which is pre-coated with a mold release agent.
This mold release agent is a low surface energy liquid which forms a semi-permanent release
barrier between the mold cavity and composite foam [119] contributing to the easy release of the
composite foam from the mold cavity. After the mixture is poured in the pre-coated mold cavity,
it is uniformly compacted. A degassing vacuum chamber, as shown in Figure 8, is used to
reduce the air voids from the mixture. Since the hardener begins the curing process from the
time the mixture is prepared, it is necessary to place the mixture in the chamber soon after
pouring it in the mold cavity. It is then left for curing at ambient temperature for 36 hours. Cast
foam slabs are then removed from mold cavity and placed in an oven for post curing process for
3 hours at 100 ºC. Figure shows fabricated composite foam slab after post curing process is
completed. Plain syntactic foams and plain nanocomposites are also fabricated using the same
method but without the addition of nanotubes and microballoons in the matrix, respectively.
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Nanotube-grown syntactic foams (NGSFs) are fabricated using the nanotube-grown glass
microballoons. The procedure used for fabricating NGSF is the same as plain syntactic foam.

Figure 8: Degassing chamber with vacuum pump

Figure 9: Fabricated composite foam slab
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3.1.3 Specimen Nomenclature
Syntactic foams with nanotubes mixed in the resin are termed as Nanotube Mixed
Syntactic Foams, thus having the acronym NMSF. Similarly, syntactic foams with nanotubes
grown in the microballoons have the acronym NGSF. On the other hand, plain syntactic foams
have acronym SF. The nomenclature of nanotube reinforced syntactic foams and plain syntactic
foams consists of an alphanumeric code indicating volume fraction and type of microballoons
and nanotubes used. For example NMSF2210-05 stands for nanotube syntactic foam fabricated
with S22 type of microballoons having 10% volume fraction and 0.5% volume fraction of
nanotubes. Similarly, the alphanumeric code SF2250 stands for syntactic foam having S22
microballoons with 50% volume fraction.
3.1.4 Composition and Density of Composite Foams
In this research, a total of 18 different varieties of composite materials are fabricated.
These can be classified as:
1. Two types of nanotube-grown syntactic foams,
2. Nine types of nanotube-mixed syntactic foams,
3. Three types of plain syntactic foams (without nanotubes),
4. Three types of MWNT composites (without glass microballoons) and
5. One pure resin sample.
Nanotube-mixed syntactic foams are fabricated using S22 microballoons at volume
fractions of 10, 20 and 50%, and carbon nanotubes at 0.1, 0.2 and 0.5% volume fraction. Plain
syntactic foams using S22 microballoon are fabricated at 10, 20 and 50% volume fraction
without adding carbon nanotubes. Although plain syntactic foams have been fabricated with
microballoon volume fraction as high as 67.8% [12], the addition of nanotubes to resin beyond
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50% volume fraction of microballoons in syntactic foam makes the mixture semi-solid in nature
and inefficient for degassing.

Hence 50% was used as the highest volume fraction for

microballoons. Nanotube-grown syntactic foams were also fabricated at 50% volume fraction of
microballoons as a basis of comparison.

Table 6 shows the amount of nanotubes in the

composite foam and in the matrix. Density and void content of plain and nanotube reinforced
syntactic foams are mentioned in Table 7.
Table 6: Composition of nanotube and microballoons

Foam Type

Nanotube vol. Nanotube wt. Nanotube vol. Nanotube wt. Microballoon
fraction in
fraction in
fraction in
fraction in vol. fraction in
composite (%) composite (%) matrix (%) matrix (%) composite (%)

NMSF2210-01

0.1

0.20

0.11

0.23

NMSF2210-02

0.2

0.40

0.22

0.45

NMSF2210-05

0.5

1.01

0.56

1.13

NMSF2220-01

0.1

0.22

0.13

0.28

NMSF2220-02

0.2

0.44

0.25

0.56

NMSF2220-05

0.5

1.10

0.63

1.39

NMSF2250-01

0.1

0.31

0.20

0.62

NMSF2250-02

0.2

0.62

0.40

1.25

NMSF2250-05

0.5

1.55

1.01

3.13

Figure 10: Rotary Grinder for thickness sizing of composite samples
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Table 7: Density and void content of plain and nanotube reinforced syntactic foams having S22
microballoons

Foam Type
SF2200-00
NMSF2200-01
NMSF2200-02
NMSF2200-05
SF2210-00
NMSF2210-01
NMSF2210-02
NMSF2210-05
SF2220-00
NMSF2220-01
NMSF2220-02
NMSF2220-05
SF2250-00
NMSF2250-01
NMSF2250-02
NMSF2250-05

Density
Theoretical
Actual
(kg/m3)
(kg/m3)
1127.1
1126.9
1128.1
1127.7
1129.1
1128.1
1132.0
1129.3
1036.4
1034.8
1037.4
1028.3
1038.4
1030.7
1041.2
1021.1
945.7
941.4
946.7
943.8
947.6
935.4
950.5
929.4
673.6
641.2
674.5
642.4
675.5
642.8
678.4
638.0

Void Content
(%)
0.018
0.035
0.089
0.239
0.154
0.877
0.742
1.930
0.455
0.306
1.287
2.220
4.810
4.759
4.841
5.955

Figure 11: Plain and nanotube incorporated syntactic foam samples

3.1.5 Specimen Preparation
Specimens required for thermal conductivity tests are cylindrical in shape.

The

cylindrical samples are core-drilled from the composite slab using a diamond tip core-drill. The
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samples must be prepared with faces flat and parallel within 0.5% of their thickness, since nonuniformity of either surface in the form of crates, scratches and markings will severely affect
data. The end surfaces of the specimen are ground flat using a rotating grinder (Figure 10). The
specimen obtained is as shown in Figure 11. The average diameter and thickness of each
specimen is 12.3 mm and 2 mm, respectively, according to ASTM standard E1461 [120].
3.2 Electroless Nickel Plating on Glass Microballoon Surface
Electroless deposition is the process of chemical deposition of a metal from an aqueous
solution of a salt of the metal needed to be deposited [121]. Unlike electro deposition which uses
an external source of electric current, electroless deposition relies on an electrochemical
mechanism. The mechanism is characterized by the selective reduction of metal ions only at the
surface of a catalytic substrate immersed into the solution containing the metal ions. Thus, the
surface of an insulating substrate for example glass needs to be activated by a catalyst in order
for the metal deposition to initiate. The deposition on the substrate continues with the catalytic
action of the deposit itself. This phenomenon of the deposit catalyzing the reduction reaction is
termed as an autocatalytic reaction. The primary factors governing the deposition rate of nickel
ions on to an activated substrate are the pH level and temperature of the electroless plating bath
solution [121]. A silane coupling agent is used for binding the metal particles on to the substrate.
3.2.1 Raw Materials
3.2.1.1 Ethanol
Ethanol or ethyl alcohol (CH3CH2OH) is a volatile, hygroscopic and unstable liquid. It is
manufactured and supplied by Pharmco-Aaper. Although it is a solvent, ethanol is chemically
stable in normal conditions of industrial use, and dissolves quickly in water [122]. Table 8
displays typical properties of ethanol [122].
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3.2.1.2 3-Aminopropyltrimethoxysilane
3-Aminopropyltrimethoxysilane (H2N(CH2)3Si(OCH3)3) or APTMS, is a silane coupling
agent. It is manufactured and supplied by Alfa Aesar Company. Silane coupling agents are
silicon-based chemicals that contain two types of reactivity, namely inorganic and organic in the
same molecule.

A typical general structure is (RO)3SiCH2CH2CH2-X, where RO is a

hydrolyzable group, such as methoxy, ethoxy, or acetoxy, and X is an organofunctional group,
such as amino, methacryloxy, epoxy, etc. A silane coupling agent will act at an interface
between an inorganic substrate (such as glass, metal or mineral) and an organic material (such as
an organic polymer, coating or adhesive) to bond two dissimilar materials [123]. APTMS
decomposes in water. Table 9 displays typical properties of APTMS [124].
Table 8: Typical properties of Ethanol
Properties
Melting point
Boiling point
Flash point
Appearance
Vapor density
Density at 20 °C

Values
-112 °C
>76 °C
13 °C closed cup
Clear liquid
1.59 – 1.62
789 kg/m3

Table 9: Typical properties of APTMS
Properties
Boiling point
Flash point
Appearance
Density at 20 °C

Values
80-81°C
83 °C
Clear liquid
1027 kg/m3

Table 10: Typical properties of Palladium (II) Chloride
Properties
Melting point
Appearance
Structure
Density at 20 °C

Values
500 °C
Dark brown powder
Crystalline
400 kg/m3
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3.2.1.3 Palladium (II) Chloride
Palladium chloride (PdCl2) is a chemical compound used in general as a catalytic active
center on nonmetallic substances for electroless nickel plating [106]. It is supplied by Alfa
Aesar. Palladium chloride is insoluble in water. Table 10 displays its typical properties [125].
3.2.1.4 Acetone
Acetone (OC(CH3)2), also known as 2-propanone or dimethyl ketone, is an organic
compound widely used as a chemical intermediate in the production of other chemicals, and
more commonly as a solvent [126]. It is manufactured and supplied by Fisher Scientific.
Acetone is derived from the basic raw materials of benzene and propylene. It is highly volatile
and fully miscible with water. Table 11 displays typical properties of acetone [127].
3.2.1.5 Isopropyl alcohol
Isopropyl alcohol or 2-propanol (C3H8O) is produced by the hydration of propylene. It is
manufactured and supplied by Mallinckrodt chemicals. Isopropyl alcohol is miscible in all
proportions with water and many organic liquids. It has good solvent power for many organic
substances such as gums, shellac, alkaloids and essential oils.
properties of isopropyl alcohol [128].
Table 11: Typical properties of Acetone
Properties
Melting point
Boiling point
Flash point
Appearance
Viscosity at 25 °C
Density at 20 °C

Values
-94.6 °C
56.48 °C
-19 °C
Clear liquid
32 mPas
785.6 kg/m3
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Table 12 displays typical

Table 12: Typical properties of Isopropyl alcohol
Properties
Boiling point
Freezing point
Flash point
Appearance
Vapor density
Density at 20 °C

Values
82 °C
-89 °C
12 °C
Clear liquid
2.1
785.5 kg/m3

Table 13: Typical properties of Enplate NI-429
Properties
Phosphorus content
Melting point
Coefficient of thermal expansion
Thermal conductivity
Electrical resistivity
Magnetic properties

Values
2-4%
930-1125 °C
13-15 µ/m/°C
0.0105-0.0135 cal/cm/sec/°C
30-50 µohm-cm
Slightly magnetic

3.2.1.6 Enplate® NI-429 Nickel Solution
Enplate NI-429 is a commercially available nickel plating solution, manufactured by
Enthone Inc. The solution is customized for a low-phosphorus, low-temperature electroless
nickel process [129]. Enplate NI-429 is supplied as three separate liquid concentrates. Enplate
NI-429M is used for make-up of a new solution; Enplate NI-429R and Enplate NI-429S are used
for replenishment. Table 13 displays typical properties of Enplate NI-429 [129].
3.2.2 Fabrication Procedure
The electroless nickel plating process consists mainly of five steps – sizing, surface
cleaning, amino-functionalization, activation and deposition.
3.2.2.1 Sizing of microballoons
The first step in the electroless plating process is sizing up the glass microballoons, as
shown in Figure 12. The microballoons as obtained from the manufacturer vary from 10 to 75
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µm. The non-uniform size distribution creates problems in the nickel coating process which will
be explained in the results and discussion section. The microballoons are thus restricted to a
smaller range by filtering through sieves. The sieves used for this experiment are made of
stainless steel mesh and of U.S. standard sizes 450 and 500 (equivalent to opening sizes of 32
µm and 25 µm, respectively). Thus microballoons sized between 25 and 32 µm are obtained by
filtering.

Figure 12: Sizing the microballoons by filtering through micro-sieve

Figure 13: Filtering flask assembly
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3.2.2.2 Surface Cleaning
The surface of the glass microballoons is first cleaned using four solvents, namely
acetone, isopropyl alcohol, distilled water and finally ethanol. The solvents are used one at a
time and in the order mentioned above. For each solvent, the microballoons are immersed in 100
ml of the solvent and stirred using a magnetic stirrer. The solvent is then separated from the
microballoons using a filtering flask assembly. As shown in Figure 13, the filtering flask
assembly consists of a Buchner vacuum flask, a circular Buchner filtering funnel, filter paper and
a pipe connecting the side outlet of the flask to a low vacuum pump. Care is taken to see that the
vacuum pump does not apply excess pressure on the microballoons. This is done by switching
off the vacuum pump as soon as the solvent is sucked out of the filter. The microballoons are
then collected out using the next solvent.
3.2.2.3 Amino-functionalization
Amino-functionalization is the process of providing a coating of amine (-NH2) molecules
to the surface of substrate. 3-aminopropyltrimethoxysilane (APTMS) is the amine agent used for
functionalization of glass microballoons. A colorless solution of the amine agent is prepared by
adding 0.1 ml of APTMS to 200ml of ethanol with stirring. About 2.5 grams of the surfacecleaned glass microballoons are immersed in this solution and allowed to react with APTMS by
vigorous stirring for 1 hour at room temperature. The functionalized microballoons are purified
using the filtering flask assembly by filtering out the APTMS solution and rinsing the
functionalized microballoons with ethanol.
3.2.2.4 Activation
Activation is the process of creating catalytically active sites by chemically binding
ligands containing nitrogen, sulfur and phosphorus donor atoms [105].
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The solution for

activation is prepared by adding 0.01g of palladium (II) chloride (PdCl2) to 200ml of ethanol.
Palladium chloride, which acts as the catalyst for the chemical bonding, is in powder form. The
PdCl2 particles form a colloidal solution with ethanol. The solution is vigorously stirred using a
magnetic stirrer for approximately 1 hour until the solution turns brown in color. The brown
color indicates that the particles have been finely dispersed in the solution. The functionalized
microballoons are immersed in the colored solution and stirred for about 30 minutes at room
temperature. The microballoons are then filtered out and rinsed with ethanol and distilled water.
Glass microballoons which normally appear white in color under the naked eye will have
acquired a pale brown color on the surface, as shown in Figure 14. This indicates that the
surface has been activated.

Figure 14: Microballoon color change to pale brown after activation process

(a)

(b)

Figure 15: Nickel bath: (a) before deposition (b) After nickel deposition
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3.2.2.5 Electroless Deposition
For the electroless nickel deposition process, an aqueous solution of Ni-429M is prepared
by mixing Ni-429M and distilled water in the ratio of 1:40. The activated glass microballoons
are added to a mixture of 250 ml of distilled water and 6.25 ml of Ni-429M solution. Ni-429R is
added in small quantities to the solution in order to attain a pH of approximately 6.14. The
solution is stirred gently and continuously to obtain a uniform pH level. This pH falls within the
range of 5.8 – 6.8 as specified by the manufacturer of the nickel solution. The change is easily
observable as the color of the solution changes from light green to aquamarine. The solution is
set to stirring at 350 rpm on a Dow Corning hot-plate stirrer with a 10” X 10” base. The heater
knob is then set to 140 °C such that the temperature of the solution gradually increases. As
shown in Figure 15, after a few minutes the solution starts changing from light green to light
grey in color, indicating the initiation of nickel deposition.

The darkness of the solution

increases with deposition time indicating an increase in thickness of coating.

Hence the

microballoons are filtered out and rinsed with distilled water to prevent over-deposition of
nickel. The microballoons are now grey in color indicating the presence of nickel coating on its
surface. In order to avoid agglomeration the microballoons are then heated and dried for 30
minutes at 100 °C. Figure 16 shows a picture of nickel coated glass microballoons obtained in
bulk after electroless deposition.

Figure 16: Nickel coated glass microballoons in bulk after electroless deposition
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3.3 Chemical Vapor Deposition
3.3.1 Experimental Setup
The chemical vapor deposition (CVD) process used in this work is of the thermal type.
The experimental setup for thermal CVD process is as shown in Figure 17. More details are
shown in Figure 18. The main component of the setup is a Lindberg® Blue-M® single-zone,
horizontal split-tube furnace. The furnace is heated by electromagnetic induction using an
induction coil, and is capable of being heated up to 1100 °C [130]. In order to accommodate a
tubular container such as a quartz tube or an alumina tube, the heating chamber is cylindrical in
shape. The hatch of the furnace opens to create a split horizontally through the center of the
chamber. The setup uses a two-zone heating procedure by placing two such identical furnaces
next to each other. As shown in Figure 19, the axes of the cylindrical chambers are aligned so
that a quartz tube can pass from the inlet end of the first furnace through to the outlet end of the
second furnace. The inner and outer diameters of the quartz tube are 19 mm (.757”) and 22 mm
(.876”), respectively. The length of the quartz tube is 48”, which is more than the combined
length of the two furnaces. This eases the use of fixtures at the ends of the quartz tube. The
furnaces are placed continually with no gap in between, so that the heating losses are minimized.
The furnaces are also programmable for multiple steps of temperature and duration.

The

temperature is regulated by a K-type thermocouple at the center of the induction coil [130].
Chemical vapor deposition requires a gaseous form of the source element deposited on
the substrate. The source can either be a gas which can be passed directly on to the substrate, or
it can be a liquid which needs to be evaporated inside the furnace before passing over the
substrate. A gaseous form of the source is used in this work. Three gas cylinders are connected
to a common pipe using T-shaped stainless steel connectors. A pressure regulator, a control
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valve and a flow meter are connected at the outlet of each gas cylinder. The common pipe is
connected to the inlet end of the quartz tube using a rubber plug. A soft polyvinyl chloride
(PVC) tube is clamped to the outlet of the quartz tube with the help of a metal ring clamp. The
outlet of the PVC tube is connected to a fume hood to allow a safe exit for the exhaust gases.

Pressure regulator
Quartz tube

Fume hood

Flow meter

Acetylene

Two-stage furnace

Argon

Ammonia

Figure 17: Computer-generated model for thermal CVD experimental setup

(a)

(b)

Figure 18: Actual experimental setup for thermal CVD: (a) Overall view (b) Split-tube view of
heating chamber
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(figure continued)

(c)

(d)

Figure 18: (c) Close-up of inlet connections (d) Outlet piping with clamp

Rubber plug

Quartz tube

Quartz boat

First stage
900 °C

Second stage
600 °C

Figure 19: Detailed view of two-stage furnace for thermal CVD

Figure 20: Nickel coated glass microballoons placed in quartz boat
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A quartz tube is placed through the two split-tube furnaces. For placing the nickel coated
microballoons inside the quartz tube in the furnace, a quartz boat is used, as shown in Figure 20.
The quartz tube and quartz boat are cleaned with isopropyl alcohol and acetone. Rectangular
pieces of silicon wafers are used to hold the microballoons in the quartz boat. These pieces are
initially cleaned with acetone, isopropyl alcohol and distilled water and heat-dried. The weight
of the quartz boat is noted before and after adding the glass microballoons.
3.3.2 Fabrication Procedure
To begin the fabrication process of growing carbon nanotubes, the furnaces are switched
on and are individually programmed with the following steps:
1. Heating up to 900 °C (at 22.5 °C/min) for the first zone, up to 600 °C (at 15 °C/min) for
the second zone.
2. Maintaining the attained temperature for 100 minutes.
3. Cooling down the furnace up to room temperature.
4. Shutting down the program when the induction coil cools down to room temperature.
The duration for each step is kept the same for both the furnaces. The outlet pressure at
the cylinder and the flow rate are monitored using the regulator and the flow meter, respectively.
Initially argon gas is passed through the tube at 90 sccm for 10 minutes, which displaces the air
from the quartz tube. The program cycle is then set to run. The first step is the furnace heating
step which runs for 40 minutes. The argon continues to flow through the quartz tube to maintain
an inert atmosphere and prevent oxidation of the nickel catalyst particles.

When the two

furnaces reach the required temperatures, the second step automatically begins. The second step
is the growth step and the furnace temperatures are maintained at a constant level. The argon gas
valve is closed and ammonia gas is flowed through the furnace at 20 sccm for 20 minutes,
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followed by acetylene gas at 10 sccm for 40 minutes. This is followed by running ammonia and
acetylene together as a mixture for 40 minutes at the same flow rates used before. After running
the second step for the set duration, the program initiates the third step and the furnace starts
cooling down to room temperature. Ammonia and acetylene valves are closed and argon is run
again for cooling the furnace up to room temperature in an inert atmosphere. After completion
of the CVD process, the quartz boat is removed carefully and weighed. The difference in
weight, with accuracy up to the fourth decimal, gives the total mass of carbon on the
microballoon surface. Figure 21 shows a sample of nanotube grown microballoons obtained in
bulk after CVD.

Figure 21: Nanotube grown microballoons obtained after thermal CVD process
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CHAPTER 4. TESTING
4.1 Thermal Analysis by Flash Method
A FlashLineTM5000 thermal analyzer is used to perform thermal conductivity tests on
specimens for a range of temperatures above room temperature. The FlashLine thermal analyzer
works on the basis of a laser flash. The laser flash method is a standard testing method to
measure the thermal diffusivity of materials. The method uses an instantaneous pulsed laser
source to heat up the front surface of the sample, and the temperature rise as a function of time of
the rear surface is recorded by using an infrared detector. A schematic of the flash method is
presented in Figure 22. A small, thin disc specimen is subjected to a high-intensity short
duration radiant energy pulse. The energy of the pulse is absorbed on the front surface of the
specimen and the resulting rear face temperature rise (thermogram) is recorded. The thermal
diffusivity value is calculated from the specimen thickness and the time required for the rear face
temperature to rise certain percentages of its maximum value, as shown in Figure 23. When the
thermal diffusivity of the sample is to be determined over a temperature range, the measurement
must be repeated at each temperature of interest. In this work, the specimen is measured at three
temperatures, namely 50, 70 and 100°C. This is because D.E.R. 332 epoxy resin cured with
D.E.H. 24 hardener has a degradation temperature of 107°C [113] and the addition of nanotubes
in polymer matrix only increases this temperature by approximately 3°C [131]. Three readings
are taken at each temperature level and two samples of each specimen are used. This gives a
total of six readings for each grade of composite foam.
The test method was developed and performed by Parker et al. [132] in 1961. Their
physical model is based on the thermal behavior of an adiabatic slab material, initially at constant
temperature. The model assumes the following – one dimensional heat flow, no heat losses from
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the slab‟s surfaces, uniform pulse absorption at the front surface, infinitesimal short pulse,
homogeneity and isotropy of the slab material. However, the method was inadequate since
nearly every one of these assumptions is violated during an experiment. Hence analyses such as
Cowan‟s, Clark and Taylor‟s, Heckman‟s, Koski‟s and others were introduced to describe the
real process [133]. These solutions described corrections to counter the violation of each of the
boundary conditions. The FlashlineTM5000 has a Nd:YAG (near infrared) laser and uses a pulse
laser technique to measure the thermal diffusivity of the specimen. The laser flash method can
be applied to determine the thermal diffusivity values in a range that varies from 10-7 to 10-3 m2/s
in a wide range of temperature (75 K up to 2800 K).

Figure 22: Schematic of Laser Flash Method Arrangement

Figure 23: Characteristic thermogram for the flash method [120]
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4.2 Thermal Properties Test Apparatus
A laser flash system (FlashLineTM5000) manufactured by ANTER Co is used to measure
the thermal properties for all the samples. The main components of the system are shown in
Figure 24. The system also includes an operating and data analysis software package using the
Windows™ platform.
Laser pulse consists on a remote-controlled Class I Nd: glass laser (approximately of 35
joules maximum power). Standard configuration employs a 200-300µs pulse width. The output
of the laser is channeled through a flexible fiber delivery wand (FDW) to the selected furnace.
The furnace assembly includes a furnace, specimen support, and infrared detector. The furnace
is a Kanthal Super Furnace designed and manufactured by Anter Corporation for this application.

Argon
Supply

Fiber
Delivery
Wand (FDW)

Furnace
Head

Laser
Power
Supply

Furnace
Assembly

Infrared
Detector
Vacuum
Pump

Liquid N2
Dewar

Figure 24: Laser flash System Schematic (FlashLineTM5000)
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It can operate up to 1600C under vacuum or inert gas atmosphere. The temperature control is
provided by a Type S thermocouple. It uses two separated thermocouples, one for the furnace
and one for the sample.
The specimen support is a multi-sample alumina carousel capable of holding up to six
samples of 12.7 mm in diameter at a time, as shown in Figure 25. The infrared detector consists
of a liquid nitrogen (LN2) cooled device with an InSb detector, as shown in Figure 26. To ensure
fast rise time the detector size is 1 sq. mm

Figure 25: Schematic of the Specimen Support or Carousel

Figure 26: Infrared detector
55

4.3 Test Specimen
The specimen for thermal conductivity test is usually a thin disc with a smaller front
surface area than of the energy beam. Typically, specimens are 6 – 18 mm in diameter. The
optimum thickness depends upon the magnitude of the estimated thermal diffusivity, and should
be chosen so that the time to reach the maximum temperature falls within the 40 to 200 ms
range. Thinner specimens are desired at higher temperatures to minimize heat loss connections.
However, specimens should always be thick enough to be representative of the test material.
Typically, thicknesses are in the 1 – 6 mm range. Inappropriately selected sample thickness can
be a major source of error in the measurement. According to ASTM E1461, dispersed composite
samples must be made opaque to the energy pulse by depositing a very thin continuous layer of
opaque material such as a metal film on the two surfaces. Care must be exercised to select a
material that will withstand the temperature to which the sample will be subjected, and will not
peel off due to excessively different coefficients of thermal expansion. Peeled coatings will
cause localized heating, excessive attenuation, and often total extinction of meaning signals.
Most frequently used coatings are gold, platinum, aluminum, nickel and silver. Highly reflective
coatings, such as gold or platinum, require a second coat of graphite on both faces of the sample,
to ensure that the energy pulse will be absorbed on the surface. In this work, the samples are
12.3 mm in diameter, 2 mm thick and are sputter-coated with a layer of nickel of about 200 nm
thick. The thermogram generation for the composite remains unaffected due to the relative
thickness of nickel layer. Figure 27 shows a DC / RF Magnetron sputtering system. Figure 28
shows syntactic foam samples before and after nickel sputtering. A second coating of graphite is
applied manually using a graphite spray provided by the FlashLine manufacturer, as shown in
Figure 29.
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(a)

(b)

Figure 27: Nickel Sputtering: (a) DC/RF Magnetron sputtering system (b) Sputtering in progress

Before

After
Figure 28: Composite samples for thermal conductivity test:
Top row - Before nickel sputtering; Bottom row – After nickel sputtering

Figure 29: Graphite spray coating on nickel-sputtered composite sample
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Figure 30: Display of the thermal diffusivity value on the computer monitor
4.4 Determination of Thermal Properties
In the FlashLine 5000 instrument, the thermal diffusivity is calculated using Equation 2:
α = 0.13879 * L2/ t1/2

(2)

where, α is the thermal diffusivity, L is the thickness of the specimen, and t1/2 is the time required
for 50% of the maximum temperature rise in the sample due to the laser pulse. Figure 30 shows
the value of thermal diffusivity calculated by the software and displayed on the computer
monitor.
The thermal conductivity is measured by the instrument using Equation 3:

k   C p

(3)

where, k is the thermal conductivity, ρ is the density of the specimen, and Cp is the specific heat
of the composite. The specific heat can be found by using Equation 4.

Q  (mC p T )ref  (mC p T )sample

(4)

where, Q is the heat energy supplied by the laser pulse, m is the mass of the specimen and ΔT is
the temperature rise in the specimen. A reference sample is required for computing thermal
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properties of nano and plain syntactic foams. A reference sample is one whose specific heat and
thermal diffusivity values are known. The Flashline thermal analyzer can be calibrated by
testing one or several of these reference materials.

In general, a material whose thermal

properties are presumed to be in close approximation with the material to be tested is taken as the
reference sample. Pyroceram®, among other reference materials specified by the manufacturer
[133] such as electrolytic iron, OFHC copper, and stainless steel, was found to have thermal
properties in close approximation with syntactic foam.

Hence Pyroceram® is used as the

reference material for this work and is supplied by the Flashline manufacturer.
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CHAPTER 5. RESULTS AND DISCUSSION
Nanotube-grown syntactic foams were produced in this research and tested for thermal
conductivity. Carbon nanotubes were grown on the surface of glass microballoons by a thermal
chemical vapor deposition process. The nickel catalyst layer on the microballoon surface was
obtained by an electroless plating process. To understand the effect of the amount of nanotubes
and microballoons on the thermal properties of syntactic foam, the results of the thermal
conductivity tests performed on plain and nanotube-mixed syntactic foams are described first.
This is followed by observations and detailed results of electroless nickel plating and thermal
chemical vapor deposition. Finally the thermal conductivity results of nanotube-grown syntactic
foam are compared with plain and nanotube-mixed syntactic foam.
5.1 Thermal Conductivity Tests on Plain and Nanotube-Mixed Syntactic Foam
Samples for plain, nanotube-mixed and nanotube-grown syntactic foam were tested for
thermal conductivity, thermal diffusivity and specific heat using FlashlineTM5000 analyzer.
Thermal conductivity values of plain and carbon nanotube reinforced syntactic foams obtained at
three different temperature levels of 50, 70 and 100 °C were compared. Three readings of
thermal conductivity were taken for each specimen during a test. Since two samples of each type
were measured, a total of six values were obtained for each type of composite foam.
Figure 31 and Figure 32 show TEM images of nanotube-mixed syntactic foam
specimens. Figure 31 (a) and 31(b) show dispersion in nanofoam specimens comprising of 10%
microballoons at 0.1 and 0.5% volume fraction (VF) of nanotubes, respectively. Similarly,
Figure 32(a) and 32(b) show dispersion in nanofoam specimen comprising of 50% microballoons
at 0.1 and 0.5 % volume fraction of nanotubes, respectively. Figure 31 and Figure 32 showed
that the extent of dispersion of nanotubes in the matrix decreased with increasing microballoon
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volume fraction.

Nanofoam specimens at 10% volume fraction of microballoons showed

uniform dispersion (Figure 31) compared to nanofoam specimens at 50% microballoons in the
resin matrix (Figure 32). Due to high interfacial area of bonding [41] between nanotubes and
resin, the viscosity of the mixture increased with the addition of nanotubes during fabrication. In
addition, the volume of resin decreased with an increase in the volume fraction of microballoon.
Due to this the nanotubes lacked sufficient liquid resin for proper dispersion.

(a)

(b)

Figure 31: TEM images of Composite foam at 10% VF of microballoons: (a) NMSF10-01 (b)
NMSF10-05

(a)

(b)

Figure 32: TEM images of Composite foam at 50% VF of microballoons: (a) NMSF50-01 (b)
NMSF50-05
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Figure 33 and Figure 34 represent the conductivity results obtained from plain and
nanotube-mixed syntactic foams.

Figure 33 shows the trend in thermal conductivity for

increasing volume fraction of carbon nanotubes (CNT) at a constant volume fraction of glass
microballoons (GMB).

Similarly, Figure 34 shows the trend in thermal conductivity for

increasing volume fractions of microballoons at a constant volume fraction of nanotubes. The
theoretical values were predicted using rule of mixtures, where conductivity of D.E.R. 332 epoxy
resin is taken as 0.15 W/m-K from another reference work [134].

Previous theoretical

comparisons [29] have taken the thermal conductivity value of the individual nanotube.
However, this is not a realistic situation since the nanotubes always tend to be in bulk form when
dispersed in the matrix of a nanocomposite. For randomly oriented nanotubes, the effective bulk
thermal conductivity was found to be about 10 W/m-K [63]. The theoretical values were
predicted using the rule of mixtures.
0 % GMB
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Figure 33: Thermal conductivity vs. VF of CNTs for constant VF of (a): GMB at 0%
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(figure continued)
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Figure 33(b): GMB at 10%
20 % GMB

Thermal Conductivity k (W/m-K)

0.30
43C
62C
91C
Theoretical

0.25

0.20

0.15

0.10

0.05

0.00
0.0

0.1

0.2

0.5

Volume Fraction of CNT (%)

Figure 33(c): GMB at 20%
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(figure continued)
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Figure 33(d): GMB at 50%
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Figure 34: Thermal conductivity vs. VF of GMB for constant VF of (a): CNT at 0%
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(figure continued)
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Figure 34(b): CNT at 0.1%
0.2% CNT

Thermal Conductivity k (W/m-K)

0.30
43C
62C
91C
Theoretical

0.25

0.20

0.15

0.10

0.05

0.00
0

10

20

50

Volume Fraction of GMB (%)

Figure 34(c): CNT at 0.2%
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(figure continued)
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Figure 34(d): CNT at 0.5%
From Figure 33 and Figure 34, it was observed that all foam samples followed the
general trend i.e. increase in thermal conductivity with an increase in the temperature. Figure
33(a) shows that for 0% volume fraction of microballoons, i.e. for nanocomposites comprising of
only nanotubes and matrix, the thermal conductivity of the composite foam initially increased
sharply with the inclusion of 0.1% volume fraction of nanotubes.

Further, the thermal

conductivity of nanofoams decreased with an increase in the volume fraction of nanotubes in the
matrix. This initial increase of conductivity followed the predicted theoretical values, but failed
to follow with a further addition of nanotubes. Similar trend of thermal conductivities was
observed in foam samples with 10 and 20 % microballoons (Figure 33(b) and 33(c)). The
objective of adding carbon nanotubes is to form a percolated network of highly conductive
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materials within the matrix of the composite and thus providing pathways for effective heat
dissipation. In Figure 33(a)-33(c), the sharp rise in conductivity at 0.1% volume fraction was
due to the percolation threshold of the composite. Carbon nanotubes are highly cohesive and
tend to form agglomerates in the matrix with increasing volume fraction. Hence, even after
using techniques such as ultrasonication and three-roll milling, the dispersion of the nanotubes in
the resin at higher volume fractions of nanotubes was not achieved effectively. However, for
50% volume fraction of microballoons, as shown in Figure 33(d), there was an initial decrease in
thermal conductivity with the inclusion of 0.1% nanotubes. Similar trends have been observed in
other research works [28]. The thermal conductivity values increased marginally with addition
of nanotubes.
This unusual behavior of the inclusion of nanotubes in pure resin and plain syntactic
foam samples can be attributed to thermal interface resistance. It is analogous to the thermal
resistance observed at a liquid-solid interface, with the viscous resin as liquid and the
comparatively stiffer nanotubes as solid. The interface resistance can be explained using a
reference image as shown in Figure 35. This image is the representation of a molecular dynamic
simulation of alternating liquid-solid regions restricted to a one-dimensional heat flow [61]. The
term „kBT/ε11‟ on the y-axis represents a temperature scale, while „z‟ on the x-axis represents
direction of the simulation cell. From the figure, it was found that there is a large temperature
gradient in the liquid region and an almost flat temperature profile in the solid region. These
correspond to the low thermal conductivity of liquid resin and the very high thermal conductivity
of solid nanotubes, respectively. The boundary of this liquid-solid region is enlarged and shown
in the inset in Figure 35. The inset picture shows that there are small but distinct temperature
drops at the liquid-solid interface.
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Figure 35: Molecular dynamic simulation of 1-D heat flow in a liquid-solid interface [61]
The interface thermal resistance is a phonon (lattice vibration)-based phenomenon and
can arise from the difference in the phonon spectra of the two phases. It can also occur due to
phonon scattering at the interface between the phases. This scattering of phonons leads to a
temperature discontinuity at the interface in presence of an applied thermal flux. At high volume
fractions of resin, the agglomeration of nanotubes increased the interface resistance and
gradually reduces the conductivity, which was evident by the marginal decrease in Figure 33(a)33(c).

At very low resin content, a small addition of nanotubes created a large thermal

resistance, as observed in Figure 33(d).

However, further addition of nanotubes slightly

increased the conductivity purely on the basis of creating large bundles and filling up the matrix,
as observed in Figure 32. The composite mixture at these volume fractions was semi-solid in
nature before curing and was extremely difficult to fabricate.
Figure 34(a)-34(d) show the trend in conductivity at a constant volume fraction of
nanotubes. It should be noted that at 0% volume fraction of microballoons, the material is
transparent in nature and hence affects the readings taken by the thermal analyzer [120]. It was
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observed that at a constant volume fraction of carbon nanotubes, the thermal conductivity of the
composite foam samples decreased considerably with increasing volume fraction of glass
microballoons. By comparing the trend in Figure 33 and Figure 34, it was observed that the
inclusion of insulating microfillers such as glass microballoons exhibit a more dominant effect
on the conductivity of composite foams than highly conductive nanofillers such as carbon
nanotubes. This trend can again be attributed to the thermal barrier resistance at the interface.
The interfacial resistance in the overall heat flow can be quantified in terms of the equivalent
thickness of the matrix, defined as the distance over which the temperature drop is the same as
the interface [63]. The equivalent thickness can be determined using Equation 5:
h

k
G

(5)

where, h is the equivalent thickness and G is the interfacial conductance, which is strongly
affected by the properties of the layer of liquid resin absorbed on the nanotube surface. The
value of this equivalent thickness is usually very small and can be neglected for large-grain sized
or microscale features. However, for structures with nanoscale dimensions, the value becomes
comparable and thus the interfacial resistance plays an important role in the overall heat transfer
process through the nanotube-matrix interface. The phonon scattering thus restricts conduction
at this interface, making the effect of the inclusion of glass microballoons more dominant than
that of carbon nanotubes on the bulk thermal conductivity of the composite.
The experimental bulk thermal conductivity values of carbon nanotube films and
buckypaper were found to be several orders of magnitude less than that of individual nanotubes
[63] due to the existence of thermal resistance at the nanotube-nanotube interface. In spite of
this decrease, these values are more than an order of magnitude above the values obtained in
nanocomposites and have several practical applications in the industry [28]. The bulk thermal
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conductivity value was also more useful in predicting the conductivity of nanotube reinforced
composite samples, as observed in Figure 33 and Figure 34. With a higher percentage of
nanotubes in the matrix and a better dispersion technique to form a well connected network of
nanotubes, substantial improvement in the thermal properties of the composite can be achieved.
One of the techniques to achieve this is by growing carbon nanotubes on the surface of the glass
microballoons. On mixing these nanotube-grown microballoons in resin, the microballoons will
act as carriers for creating a well dispersed and connected network of nanotubes. In this work,
electroless plating was used for obtaining a nickel catalyst layer on microballoons and thermal
CVD was used for growing the nanotubes on their surface.
5.2 Observations of Electroless Nickel Plating
5.2.1 Sizing
Sizing of microballoons plays an important role in the thickness of nickel obtained on the
spherical surface of the microballoon.

The S22 microballoon sizes as obtained from the

manufacturer vary from 5 µm to 75 µm. This non-uniformity of microballoon size affected the
thickness of nickel plating on each microballoon. Scanning Electron Microscope (SEM) images
were taken to study the effect of varying microballoon size on the thickness of nickel deposited
by electroless plating, as shown in Figure 36. All the microballoons shown here were immersed
in a common deposition solution for duration of 5 minutes. It was observed that the thickness of
nickel plating was inversely proportional to the size of the microballoon, i.e. the thickness of
plating decreased with an increasing microballoon size. Due to this effect large agglomerated
deposits of nickel were obtained on the smaller microballoons, while the larger microballoons
were barely and non-uniformly covered with nickel. Thus microballoons of largely varying sizes
were not suitable for obtaining thin films of nickel with uniform deposition.
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(a)

(b)

(c)

(d)

Figure 36: Effect of varying microballoon size on the thickness of nickel deposition by
electroless plating

Figure 37: S22 Glass microballoons after sizing process using a micro sieve
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Figure 37 shows the SEM image of S22 glass microballoons obtained after being filtered
through micro sieves of numbers 450 (32 µm) and 500 (25 µm). Most of the microballoons were
now uniformly sized around 25 µm.
5.2.2 Surface Cleaning
The glass microballoons as obtained by the manufacturer contain a lot of impurities on
the surface. Figure 38(a) shows a SEM image of microballoons obtained directly from the
manufacturer.

These impurities prevent the deposition of nickel ions on the microballoon

surface and cause the deposition to be non-uniform in nature. Figure 38(b) shows an electroless
nickel coating obtained without applying the surface cleaning process.

On immersing the

microballoons in a liquid organic solvent, the solvent fluid comes in contact with the surface
impurities and dissolves the adhesion between the impurities and the microballoon surface.
Figure 38(c) shows a glass microballoon obtained after cleaning the surface using all four
solvents, namely acetone, isopropyl alcohol, distilled water and ethanol.

(a)

(b)

Figure 38: S22 Glass Microballoon: (a) Before cleaning (b) Nickel deposition on microballoons
without cleaning
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(figure continued)

(c)
Figure 38(c): After cleaning with solvents

Figure 39: Scheme for amino-functionalization on glass microballoons [105]
5.2.3 Functionalization
Amino-functionalization is a pretreatment process for the electroless plating of glass
microballoons.

It was observed that when flat glass pieces were immersed in the nickel

deposition solution with and without amino-functionalization, the non-functionalized pieces
obtain little or no coating at all. This indicates the importance of the functionalization step.
Palladium (Pd2+) ions were used for activating the surface of the glass microballoons for
electroless nickel plating. The amount of palladium adsorbed depends on the surface properties
of the substrate. For better adsorption of palladium, the surface needs to be clean with a good
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wetting capability. The wetting capability can be increased by pretreatment processes, such as
roughening by use of etchants such as acids or by amino-functionalization using a silane
coupling agent. Studies showed that roughening of glass microballoons by the etchant method
damaged the microballoons and thus proved to be too strong for improving their surface property
[106].
Figure 39 shows a schematic for the functionalization step. The chemical used for
pretreatment in this work, 3-aminopropyltrimethoxysilane (APTMS), is a silane coupling agent.
The function of the silane coupling agent is to provide bonding between organic and inorganic
substances. APTMS contains amine (-NH2) molecules which has a pair of free electrons. The
valence electrons create a complex with Pd2+ from the palladium (II) chloride (PdCl2) molecules.
Thus the silane coupling agent increases the wetting of the glass microballoon surface and
increases the number of active sites on the microballoons. The bridging function of the amine
molecules improves the anchoring effect of the PdCl2 particles on to the glass surface. The
increase in the number of active sites improves the uniformity and quality of the nickel thin film
deposition.
5.2.4 Rinsing Functionalized Glass Microballoons with Ethanol
The silane coupling agent is sticky in nature. In addition to increasing the wetting of the
glass microballoon surface, it also increases the adhesion between adjacent microballoons. The
increase in adhesion creates an agglomeration or clumps of microballoons after completing the
functionalization process. The agglomeration inhibits the microballoon surface from coming in
contact with the palladium particles which active the non-conductive glass for electroless plating.
This in turn results in a non-uniform coating of nickel on the glass microballoons. To obtain dry
and free flowing functionalized microballoons, the particles were rinsed gently by immersing in
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ethanol. Ethanol was used in this step because the aqueous solution activation in the following
step was developed using the same chemical. An excess amount of APTMS can make the
rinsing very difficult, leading to agglomeration of microballoons. Hence it should be used in
minute quantities.
5.2.5 Activation
Non-metallic surfaces such as glass and polymers lack catalytic properties and therefore
require activating treatments that will render them catalytic. Activation is a pretreatment process
of creating catalytically active centers on non-conductive surfaces. In general, the deposition
reaction of electroless nickel occurs at adsorbed palladium catalytic active centers.

To

understand the significance of activation process, functionalized flat glass pieces were immersed
in the nickel deposition solution with and without activation. It was observed that a uniform thin
film of nickel was obtained on the activated glass piece. However no deposition was obtained on
the inactivated glass piece, primarily due to the absence of catalytic sites on the non-metallic
surface. Activation is an important process because the rate of deposition and the uniformity of
deposited nickel films depend on the amount of palladium adsorbed on the surface of the glass
microballoons. Figure 40 shows a schematic for activation of functionalized microballoons. The
aqueous solution for activation was developed by adding 0.1g of palladium (II) chloride particles
to 50ml of ethanol.

Figure 40: Scheme for palladium activation on glass microballoons [105]
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Ethanol was used for creating the aqueous solution because PdCl2 particles do not
dissolve in water. However, with ethanol, HCl and their mixtures, PdCl2 can be reduced to Pd2+.
The use of HCl for developing an aqueous solution was avoided in this work because the H+ ions
in the PdCl2 solution are easier to form ligands with NH2 groups on the glass surface than the
Pd2+ ions. Since the particles do not dissolve readily by immersion, the rate of dissolution was
increased by using a magnetic stirrer and vigorously stirring the solution for 15 minutes. At the
end of this duration the solution turned light brown in color, indicating fine dispersion of the
particles.
5.2.6 Rinsing Activated Glass Microballoons with Ethanol and Distilled Water
The final step in the pretreatment process of glass microballoons for electroless nickel
plating was rinsing the microballoons. The microballoons were first rinsed with ethanol and then
with distilled water. Distilled water was used in this step because the aqueous solution for nickel
deposition was developed using distilled water.

The method of rinsing the activated

microballoons is extremely important because it affects the amount of stray palladium particles
remaining with the microballoons. Since palladium is an activator for nickel deposition, stray
palladium particles can cause the nickel solution to decompose. To minimize the amount of
stray palladium, the activated microballoons were removed from the filter and rinsed thoroughly
3 - 4 times in a separate container.
5.2.7 Deposition
The aqueous solution for nickel deposition by electroless plating was initially developed
according to the nickel solution manufacturer‟s specifications, by adding 4 parts of distilled
water to 1 part of Enplate® NI-429M nickel solution. However NI-429M is an industrial grade
solution and has a high rate of deposition. A high rate of deposition is unsuitable for nanoscale
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thickness of the nickel film. The dilution ratio was later on increased to 40:1 to reduce the
amount of nickel in the bath. Figure 41 shows a schematic for the deposition step.
The rate of nickel deposition primarily depends on two parameters of the bath – pH and
temperature. NI-429R was used to increase the pH of the bath. Table 14 shows the parameters
for the nickel bath for different tests.
Table 14: Variation of nickel bath parameters for controlled nickel deposition
Test No. Dilution

pH

Temperature(°C) Duration

Result

1

4:1

6.14

50

5:00

Thick agglomerates

2

4:1

6.14

50

0:10

Inadequate for CVD

3

4:1

6.14

50

0:20

Adequate for CVD

4

4:1

6.14

50

0:30

Excessive coating

5

4:1

5.6

30

7:00

Irregular coating

6

4:1

5.6

40

2:00

Irregular coating

7

4:1

5.6

50

0:45

Irregular coating

8

40:1

6.14

Increasing (35)

7:00

Beaker coated with nickel;
activation rinsing issue

9

40:1

6.14

Increasing (46)

10:15

Smooth color change, good
control but inadequate for CVD

10

40:1

6.14

Increasing (46)

11:05

Controlled deposition

11

40:1

6.14

Increasing (46)

11:05

Iteration of previous test; Control
over all steps of plating

Figure 41: Scheme for electroless nickel deposition on glass microballoons [105]
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In the first set of tests 1 – 7, the hot plate was first brought to the required temperature
and then the beaker containing the nickel bath was placed on it. In test 1, the duration of
deposition was fixed for 5 minutes without considering the change in solution color. This
resulted in thick agglomerates, which meant that the duration had to be fixed according to the
change in solution color. Test 1 was useful in observing the effect of variation in microballoon
size on the nickel coating process. Tests 2, 3 and 4 were conducted by sizing the microballoons
and observing the change in solution color. The change was rapid and there was very little
control over the duration of deposition. The nickel coated sample obtained from test 3 resulted
in carbon nanostructure growth. However, due to inadequate control over the duration, the
coating process could not be repeated accurately. For tests 5, 6 and 7, the pH was lowered to 5.6,
which was below the range recommended by the manufacturer. Although the time required for
the solution to change color was higher, it resulted in an irregular coating for different
temperature levels of the solution. This may be due to an increase in phosphorus content with
lower pH levels which affects the coating process [121]. Thus, a better control over heating the
nickel bath was required, while maintaining the original pH level of 6.14.
In tests 8 – 11, the solution was subjected to an increasing temperature gradient. The
beaker containing the nickel bath was first placed on the hot plate and then the hot plate
temperature was set to 140 °C. The final temperature of the solution upon removal from the hot
plate is given in brackets.

The hot plate temperature does not translate to the solution

temperature due to losses by open air heating. However, the solution temperature was always
found to be uniform at different points in the solution. For test 8, the color of the nickel solution
was found to change gradually with increasing temperature which indicated good control over
the deposition process. But this test had to be terminated mid-way since the beaker got coated
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with a film of nickel, which indicated that the solution had decomposed. Decomposition of
nickel solution occurs due to presence of stray palladium particles among the activated glass
microballoons. The presence of stray palladium indicates inadequate rinsing of the activated
glass microballoons. The correction of this issue was clearly reflected in the following tests. In
test 9 a better control of the deposition was obtained and the gradual change in color was easily
observable. However, this test was run without sizing the microballoons to observe the effect of
microballoon size variation again. On running CVD it was observed that only the smaller
microballoons in the range of 5 – 10 µm had nanostructure growth. The microballoons in the
range considered for sizing, i.e. 25 – 32 µm and larger ones showed inadequate growth. Test 10
was performed with sized microballoons with the same parameters and the duration was
increased slightly. Using this sample for CVD resulted in nanostructure growth on the required
range of microballoons. Test 11 was conducted for repeatability of the procedure and was found
to be successful. The time required for filtering out the nickel coated microballoons from the
solution needs to be added to the total duration of deposition. The duration for this was 35
seconds and was found to be consistent.
Thus the final conditions for controlled electroless nickel plating were as follows:


Amount of microballoons: 2.5 g



Functionalization: 200 ml ethanol + 0.1 ml APTMS stirred for 1 hour



Rinsing: Twice with ethanol



Activation: 200 ml ethanol + 0.01 g PdCl2 stirred for 30 minutes



Rinsing: Twice with ethanol, twice with distilled water



Deposition: 250 ml distilled water + 6.25 ml NI-429M + 1.35 ml NI-429R (pH = 6.14)
Stirred at 350 rpm for 11:05 minutes with hot plate at 140 °C
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Ni - Lα
Si - Kα

O - Kα
Ni - Kα

P - Kα
Ca - Kα

Ni - Kβ

Figure 42: Energy Dispersive Spectrometry (EDS) spectrum showing presence of nickel on glass
microballoon surface
5.2.8 Determination of Nickel Coating Thickness
The thickness of the catalyst film on any substrate used for growing carbon nanotubes is
one of the most crucial parameters for the CVD process [66]. After the nickel deposition
process, an Energy Dispersive Spectrometry (EDS) spectrum was obtained to analyze the
presence of nickel on the glass microballoon surface. The EDS spectrum as viewed in Figure 42
shows energy peaks corresponding to the Lα, Kα and Kβ energy lines of nickel metal, thus
proving its presence on the microballoon surface.

The energy peaks of other elements

correspond to components of the glass microballoon.
A few attempts were made to measure the thickness of nickel coating on the
microballoon surface. However, the geometry of the substrate and the nature of nickel coating
proved to be a hindrance in obtaining a reliable method for measuring the thickness of the
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coating. The first method consisted of embedding the coated microballoons in resin and taking a
cross section of the microballoons. Figure 43 shows SEM images obtained by using this method.
A distinct border between the nickel film and the wall of the microballoon is not visible. The
height of the sphere at which the section is taken also affects the visibility of the nickel film.

(a)

(b)

Figure 43: SEM images for nickel coating thickness measurement by sectioning method:
(a) Microballoon cross-section at x1900 (b) Close-up at x9000

560 nm

220 nm

125
104

(a)

35

50

(b)

Figure 44: SEM images for nickel coating thickness measurement by crushing method: (a)
Cross-section from Test 4 (b) Cross-section from Test 8

81

Figure 45: SEM image of a nickel coated glass microballoon surface
The second method of measuring the thickness of nickel coating on the microballoons
was to crush the coated microballoons. SEM images, as shown in Figure 44, were obtained such
that the wall of the microballoon is viewed perpendicular to the observer. Although this did not
prove to be a reliable method due to varying thicknesses at different locations, it provided an
insight into the nature of the electroless plating process. The palladium particles create catalytic
sites on the microballoon surface. The nickel particles accumulate around these catalytic sites.
Hence for a uniform nickel film of nano-thickness, the palladium particles need to be extremely
close to each other. Thus, in this work a uniform nickel film was never formed. More SEM
images were obtained on the microballoon surface as shown in Figure 45 to note the size of the
largest visible nickel particle, thus giving an estimate of the coating requirement.
5.3 Synthesis of Carbon Nanotubes on Glass Microballoons Using Thermal CVD
The growth of carbon nanotubes on substrates using thermal chemical vapor deposition
depends on various parameters, such as:
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1. Pressure
2. Temperature
3. Catalyst type
4. Catalyst layer thickness
5. Type of pretreatment gas
6. Type of carbon source gas
7. Flow rate of gases
8. Duration of gas flow
9. Diameter of quartz tube
10. Quantity of microballoons (surface area)
Only five of these parameters – catalyst thickness, flow rate, temperature, duration and
quantity of microballoons – are varied in this work. The results of the CVD tests are tabulated
and discussed using the five parameters.

The growth characteristics of the nanotubes are

analyzed with the help of SEM and TEM images. The fixed parameters are first described
briefly, followed by a description of developments in the CVD process using the variable
parameters.
5.3.1 Fixed Parameters for CVD Process
The following parameters were kept unchanged for the thermal CVD process:
1. Pressure: The pressure for the growth process was maintained at atmospheric level. The
external pressure applied by the gas cylinders was kept at a nominal 1 psi to prevent
backflow in the inlet pipe and quartz tube. Thus the process can be termed as an
atmospheric pressure growth process.
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2. Catalyst type: Nickel was used as the catalyst metal for the growth process, since it was
found to have the best results among the transition metal catalysts – Ni, Fe and Co [67].
Nickel is also the most widely used metal used in the electroless plating method.
3. Pretreatment gas: Ammonia (NH3) was used as the pretreatment gas for etching the
nickel particles and preventing deposition of amorphous carbon. NH3 was found to show
better results as compared to hydrogen (H2) [88].
4. Carbon source gas: The carbon source gas used was acetylene (C2H2), since it was
shown to provide better yield as compared to other hydrocarbons such as benzene,
ethylene, etc. [95].
5. Diameter of quartz tube: The diameter of the quartz tube used was fixed at 1.9 cm, due to
size restrictions of the heating zone of the furnace. The wall thickness of the tube was
0.15 cm.
5.3.2 Tabulation and Discussion of CVD Test Results
5.3.2.1 Batch 1:
Test 1:
Table 15 shows variation of test parameters for Batch 1. The conditions used in Test 1
were taken from the work which was used as reference for building a two-stage thermal chemical
vapor deposition setup [109]. Figure 46(a) shows the results obtained from Test 1. It can be
seen that nanostructures were formed on the surface of microballoons. However, the growth was
non-uniform with a spotted surface.

In addition, these nanostructures had not grown on

microballoons of all sizes. From Figure 46(b) it can be observed that bunches of nanostructures
had „sprouted‟ on the microballoon surface in discrete spots.

This confirms one of the

mechanisms of carbon nanostructure growth, where bundles of nanostructures can precipitate
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from a single larger metal particle [80]. The non-uniformity in growth is attributed to the
microballoon surface not being cleaned with solvents. Figure 46(c) shows a Transmission
Electron Microscope (TEM) image of a microballoon section.

The nanostructures on the

microballoon surface were identified as carbon nanofibers, due to the presence of a graphitic
platelet structure which is characteristic of CNFs. The nickel catalyst particle can be found at the
tip of the CNF.
Table 15: Variation of parameters for Batch 1 of CVD tests
Flow Rate (sccm)
Test
No.
1
2
3
4
5

Ar
90
90
90
90
90

NH3
250
250
160
80
80

C2H2
120
120
80
80
80

Duration (min)
Ar
15
15
15
15
15

NH3
20
20
15

C2H2
10
10
-

NH3+
C2H2
10
10
10

1st
Zone
Temp
(°C)
850
850
850
850
850

2nd
Zone
Temp
(°C)
550
550
550
550
550

Figure 46(a): SEM image of Test 1 showing varying microballoon size with non-uniform growth
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(figure continued)

Figure 46(b): SEM image of Test 1 showing close-up of microballoon surface with patchy
growth

Figure 46(c): TEM image of Test 1 showing CNF growth on microballoon surface
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Figure 47: SEM image results of Test 2 showing no nanostructure growth
Test 2:
The conditions of Test 1 are repeated in Test 2, except that the microballoon surface is
now cleaned with solvents before coating. However, no growth is observed in this test. A high
amount of amorphous carbon is found throughout the sample. The deposition of amorphous
carbon covers the active nickel catalyst and prevents its contact with carbon vapor. This inhibits
the growth of carbon nanostructures. It is also noted that the work being referred for this
experimental setup did not mention the diameter of the quartz tube being used. The diameter of
the quartz tube may probably have a significant role in altering the flow conditions of the gases.
The results indicated that a reduction in the flow rate of acetylene gas is needed. Figure 47
shows SEM image results of Test 2.
Test 3:
In Test 3 the flow rates of ammonia (NH3) and acetylene (C2H2) were lowered to 160
sccm and 80 sccm, respectively. Although the amount of amorphous carbon had significantly
reduced, it was found to still cover the substrate and prevent the growth of nanostructures. The
deposition of amorphous carbon on the substrate can be prevented by mixing ammonia with
acetylene [89].
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Test 4:
Test 4 was conducted by lowering the flow rate of ammonia to 80 sccm and running NH3
and C2H2 together with a mixing ratio of 1:1 for 10 minutes.

It was observed that the

combination of two gases was successful in preventing the amorphous carbon from covering the
active surface of the microballoons. However, the total flow rate was excessive and this resulted
in all the carbon being blown away from the substrate. The flow rates of the gases needed to be
reduced further to minimize formation of amorphous carbon. The issue of varying nickel
deposition thickness on microballoons of different sizes was also noted in this test.
Test 5:
Test 5 was operated by using microballoons coated after sizing. The gas flow rates were
kept the same. Ammonia was flown for 15 minutes, followed by the mixture of gases. An
important observation made was the nucleation of nickel nanoparticles on the microballoon
surface. From the bulk diffusion mechanism [71], it is known that the dissolved carbon diffuses
through the metal particle to form the body of the carbon filament. But the size of the nickel
particles was about 400 – 450 nm, which indicated that the plating time in the electroless process
was very high. Figure 48 shows results of this test.

Figure 48: SEM image results of Test 5 – Nucleation of nickel nanoparticles
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5.3.2.2 Batch 2:
Table 16: Variation of parameters for Batch 2 of CVD tests
Flow Rate (sccm)
Test
No.
6
7
8

Ar
90
90
90

NH3
20
20
20

C2H2
10
10
10

Duration (min)
Ar
30
30
30

NH3
20
20
20

C2H2
20
20
40

NH3+
C2H2
30
30
40

1st
Zone
Temp
(°C)
900
900
900

2nd
Zone
Temp
(°C)
600
650
600

Test 6:
Table 16 shows the variation in test parameters for Batch 2. The observations made from
the previous tests were used to make the required changes. The flow rates were reduced to 20
sccm for NH3 and 10 sccm for C2H2. Ammonia and acetylene were run individually for 20
minutes each followed by the mixture for 30 minutes. The acetylene was run individually to
ensure the presence of carbon during initiation. To reduce thermal stresses on the substrate, the
rate of heating up the furnace was reduced from 40°/min to 20°/min by increasing the heating
time to 30 minutes. The heating rate corresponds to the second zone. The electroless plating
time was reduced from 5 minutes and varied between 10, 20 and 30 seconds.
Carbon nanostructures were grown uniformly on the surface of microballoons from this
test, as shown in Figure 49. The amount of amorphous carbon found in the sample was
negligible. Instead, carbon spheres of nanometer scale were found throughout the sample. The
carbon nanospheres were found to be 100 nm – 1 µm in size. The formation of these structures
needs further investigation.
TEM images were obtained to investigate the carbon nanostructures grown on the surface
of the microballoons. The hollow structure of carbon nanotubes (CNTs) can be seen in Figure
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50. The nanotubes were randomly oriented and bent in shape. The tips of the CNTs are closed
and hemispherical. The nature of CNT growth obtained in this experiment is typical of a thermal
CVD process [109]. The nickel particle can be seen encapsulated inside the walls of the
nanotube. On close observation, it is found that the encapsulated nickel particle is not spherical
but slightly elongated along the axis of the nanotube. The elongation indicates the diffusion
mechanism of CNT growth [71]. The elongation also verifies the fact that the melting point of
metal nanoparticles is lower compared to its bulk state [66]. The outer diameter of the nanotube
varies between 20 to 30 nm. The wall thickness varies between 5 – 7.5 nm. The length of the
nanotubes is about 0.75 - 1 µm. Due to most nickel particles being in the 100-150 nm range,
carbon nanofiber (CNF) growth is obtained more than CNT growth. This indicates that the
deposition thickness needs to be lowered further. Irregular shaped, or faceted non-spherical
shaped nickel catalysts are also a factor for CNF growth [74]. Nanotube formation requires
smooth spherical nanoparticles. Low growth temperatures result in the formation of irregular
shaped catalysts, which reduces the probability of CNT growth.

Figure 49: SEM image results of Test 6 (a): Microballoon showing dense nanostructure growth
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(figure continued)

Figure 49(b): Close-up of growth showing presence of carbon nanospheres

Figure 50: TEM image results of Test 6 showing (a): Growth of CNT and CNF
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(figure continued)

Figure 50(b): Presence of nickel catalyst particles

Figure 51: SEM image from Test 7 showing deformed glass microballoons
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Test 7:
The previous test parameters were repeated except for the second zone temperature,
which was raised to 650 °C. The change was made to study the effect of raising the furnace
temperature above the glass transition temperature of the glass microballoons. Figure 51 shows
SEM image of the result of this process. As expected, most of the microballoons were deformed.
This clearly indicated that the second zone temperature is limited to the glass transition
temperature of the substrate.
Tests 8:
Test 8 was performed by increasing the amount of microballoons in the quartz boat. The
durations for C2H2 run and the NH3+ C2H2 run were also increased. The test was successful in
obtaining CNT / CNF growth on most of the microballoons, as shown in Figure 52(a). Figure
52(b) also gives us a perspective of how a connected network of nanotubes would look like in
nanotube-grown syntactic foam. Although the parameters for CVD were retained, the coated
microballoon sample was discontinued since the nickel coating method was not found to be
repeatable with good control.

Figure 52: SEM image of Test 8: (a) Showing CNT / CNF growth on all microballoons
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(figure continued)

Figure 52(b): Image representing a connected network of nanostructures
5.3.2.3 Batch 3:
Table 17: Variation of parameters for Batch 3 of CVD tests
Flow Rate (sccm)
Test
No.
9
10
11
12
13
14

Ar
90
90
90
90
90
90

NH3
20
20
20
20
20
20

C2H2
10
10
20
20
20
20

Duration (min)
Ar
40
40
40
40
40
40

NH3
20
20
20
50
20
20

C2H2
40
40
40
-

NH3+
C2H2
40
40
40
60
90
60

1st
Zone
Temp
(°C)
900
900
900
900
900
900

2nd
Zone
Temp
(°C)
600
600
600
600
600
570

Test 9:
Table 17 shows the variation in test parameters for Batch 3. These tests were conducted
after obtaining a controlled method of electroless nickel plating. The CVD parameters were
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(a)

(b)

Figure 53: SEM images of Test 9 showing effect of microballoon sizes
continued from Batch 2 for coated microballoons without sizing. Only the furnace heating rate
in argon was reduced to 15°/min. As observed in Figure 53, the smaller microballoons had
nanostructure growth whereas the larger ones had a uniform carbon coating but inadequate
growth. The growth in the smaller microballoons was vertical and the outer surface of the
microballoon is clearly visible. The growth trend in varying microballoon size indicated the
need for increasing the plating duration by a small extent.
Test 10:
The parameters of the previous test were repeated for sized microballoons. As shown in
Figure 54(a), a uniform growth was obtained on the entire sample. Close observation from
Figure 54(b) shows that the nanostructures are bent and the growth is not vertical unlike the
nature of growth obtained on the smaller microballoons in the previous test. The amount of
amorphous carbon in the form of carbon nanospheres was also very small which indicated a
good conversion rate of the carbon input for nanostructure growth.
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(a)

(b)
Figure 54: SEM images of Test 10: (a) Showing uniform nanostructure growth on sized
microballoons (b) Close-up showing nature of growth
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Figure 55: SEM image for Tests 11, 12 and 13 showing consistent uniform similar to Test 10
Tests 11, 12 and 13:
Tests 11, 12 and 13 were performed with variations in gas flow durations and an increase
in C2H2 flow rate, as shown in Table 17. These variations did not yield any significant changes
in the nature of growth, as can be observed in Figure 55. Although smaller microballoons in the
range of 5 – 10 microns had a vertical growth of nanotubes, the nanotubes were bent and fallen
on the larger ones. An explanation to this result may be provided from the work done by Zhou et
al [103], who produced SWNTs on different sized silica spheres. They stated that the bending of
nanotubes produces elastic energy. The reduction of size of the spheres results in an increase in
elastic energy of the nanotube because the curvature increases. Hence the nanotubes prefer to
spread from the surface to decrease the system energy.
Test 14:
Test 11 was performed to observe the effects of variation in growth temperature on this
sample of nickel coated microballoons. The second zone temperature was lowered to 570 °C,
keeping other parameters constant. Figure 56 shows SEM images of the results of this test. The
growth appeared to be warped and incomplete. This shows that the growth temperature has a
dominating effect on the outcome of the nanostructure growth process.
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Figure 56: SEM image of Test 14 showing warped growth
5.4 Characterization of Nanostructure Growth Using TEM
Figure 57 shows TEM images of the results of test 10 for the characterization of
nanostructure growth. The images reveal a growth of carbon nanotubes ranging from 0.5 to 0.75
µm in length. The diameters lay in the range of 6 – 20 nm, with a wall thickness lying between 2
– 3 nm. No carbon nanofibers are found in this growth. The growth is denser than the outcome
of Batch 2 which indicates that a very uniform nano-layer of nickel coating was successfully
obtained through electroless plating. The nanotubes are bent and highly entangled with each
other. The tips of the nanotubes appear to be closed. The catalytic nickel nanoparticles shown
as dark particles can be seen midway inside the larger nanotubes, but are missing from all the
smaller nanotubes. The nature of growth indicates that multi-walled nanotubes (MWNTs) are
obtained, since single-walled nanotubes (SWNTs) have much lesser wall thicknesses [135]. The
nanotube walls may have several graphitic defects which is common at low growth temperatures
[109].
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(a)

(b)
Figure 57: TEM images showing carbon nanotube growth: (a) Nickel catalyst particles found in
larger nanotubes (b) Dense growth with high entanglement

99

5.5 Characterization of Nanotube-Grown Syntactic Foam
Syntactic foams fabricated by mixing nanotube-grown microballoons with a binding
material such as epoxy resin are designated as nanotube-grown syntactic foams (NGSF).
Nanotube-grown syntactic foam samples are fabricated by mixing 50% volume fraction of
nanotube-grown glass microballoons in DER 332 epoxy resin. Nanotube-grown syntactic foam
is a new approach to creating a network of carbon nanotubes in the matrix of the composite
material. This makes it necessary to understand the distribution of microballoons in the matrix
and the effect of epoxy addition on the bonding of nanotubes to the microballoon surface. Figure
58 shows an SEM image of the cross-section of nanotube-grown syntactic foam.

The

distribution of microballoons in the matrix is clearly visible. The microballoons are in proximity
which is ideal for facilitating a connected network of nanotubes grown on the outer surface of
these spheres. However, due to the size and transparency of the nanotubes, they are not clearly
visible through SEM. The composite sample is then studied using TEM.

Figure 58: SEM image of a cross-section of nanotube-grown microballoons in epoxy resin
showing proximity of microballoons
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Figure 59: TEM images of nanotube-grown microballoons in epoxy resin showing (a): Large
nanotube attached at the base

Figure 59(b): Dispersion of nanotubes due to viscous force of resin
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(figure continued)

Figure 59(c): Edge of microballoon with nanotube growth

A microtome is used to obtain 90 nm slices of the composite sample for TEM. The TEM
images as shown in Figure 59 depict the distribution of nanotubes in the matrix. The patch of
dark colored surface in these slices is the surface of the glass microballoon, while the grey
surface is the epoxy resin. Figure 59(a) shows a high-magnification image of a relatively large
nanotube still attached to the base substrate. The viscosity of the epoxy resin creates a shear
force which pulled off smaller nanotubes from the base and dispersed them in the matrix, as seen
in Figure 59(b). This proves to be advantageous since a very uniform dispersion of nanotubes is
created in the matrix. As observed in Figure 59(b) and (c) however, the nanotubes do not move
very far from the microballoon surface.

The distance traveled by the nanotubes may be

attributed to the viscosity of the resin and the method of mixing.
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EFFECT OF NANOTUBE GROWING METHOD

Thermal Conductivity k (W/m-K)
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Figure 60: Thermal conductivity values of nanotube-grown syntactic foam (NGSF) and
nanotube-mixed syntactic foam (NMSF) at 50% VF of microballoons
Table 18: Nanotube volume fraction conversion to weight fraction
Sample
SF2250-00
NMSF2250-01
NMSF2250-02
NMSF2250-05
NGSF-0.77
NGSF-2.01
NGSF-2.77
NGSF-2.82

Volume
Fraction (%)
0
0.1
0.2
0.5
0.77
2.01
2.77
2.82
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Weight
Fraction (%)
0
0.31
0.62
1.55
1.61
4.01
5.19
5.65

5.6 Thermal Conductivity Test on Nanotube-Grown Syntactic Foam (NGSF)
Four types of nanotube-grown syntactic foams are fabricated using the growth samples
from CVD tests 10 – 13. The volume fraction of microballoons is kept constant at 50%, while
the volume fraction of nanotubes varies according to the output of the CVD tests. To obtain an
even comparison of the thermal conductivity of nanotube-grown and nanotube-mixed syntactic
foams, the values of nanotube-mixed syntactic foams (NMSF) with 50% volume fraction of
microballoons are plotted alongside.

Table 18 shows conversion of volume fraction of

nanotubes in these samples to weight fraction. Figure 60 shows the thermal conductivity values
of the NGSF samples. NGSF samples have much higher thermal conductivity values than the
NMSF samples and have clearly increased the thermal conductivity of plain syntactic foam. For
values measured close to room temperatures, the conductivity of plain syntactic foam is 0.14
W/m-K, while that of NMSF is 0.13 W/m-K which denotes a decrease of 7%. The conductivity
of NGSF is 0.26 W/m-K, which indicates an increase of 86% and 92% over plain syntactic foam
and NMSF, respectively. The phenomenon of phonon scattering is still observed in NGSF since
the conductivity values have not increased up to the order of the thermal conductivity of carbon
nanotubes. Still, the growth of nanotubes on the reinforcing material has proven to be a more
effective method than the dispersion of nanotubes in the matrix of the material.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
In this research, carbon nanotubes were grown on the surface of glass microballoons in
an attempt to create a lightweight thermally conductive composite foam material. The addition
of glass microballoons in epoxy resin creates syntactic foam; hence the composite fabricated
with nanotube-grown microballoons was termed as nanotube-grown syntactic foam.

The

nanotubes were grown using a two-stage thermal chemical vapor deposition process. Nickel was
used as a catalyst for growing the nanotubes. Since nickel deposition methods such as sputtering
and e-beam evaporation were not suitable for microballoons, an electroless plating method was
applied to obtain a thin film of nickel. Scanning Electron Microscope was used to check the
uniformity of nickel deposition and view the growth of carbon nanostructures. In order to
identify and characterize the growth of nanotubes at high magnification, Transmission Electron
Microscopy was utilized. Thermal conductivity tests were performed on the nanotube-grown
syntactic foam using a FlashlineTM5000 thermal analyzer.

For comparison of thermal

conductivity values, plain and nanotube-mixed syntactic foams were fabricated and tested. TEM
was also used to study the dispersion of nanotubes in nanotube-grown and nanotube-mixed
syntactic foams.
Pure multi-walled carbon nanotubes in the range of 6 – 20 nm in diameter and lengths up
to 0.75 µm were obtained using thermal chemical vapor deposition. The growth of carbon
nanotubes using this process was found to be dependent on several factors. The size of the
nickel catalyst layer was found to be the most crucial factor in determining the success of
nanotube growth. The growth temperature in the furnace also played an extremely important
role, although it was limited to the glass transition temperature of the substrate. The flow rates
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of ammonia and acetylene gases were dependent on the size of the quartz tube. Flow rate of
acetylene above 20 sccm produced amorphous carbon which covers and deactivated the nickel
catalyst, while flow rate of ammonia above 20 sccm blew away all carbon vapor essential for
nanotube growth. The nature of nanotube growth was affected by the morphology of nickel
coating, which in turn was affected by the quality of the palladium activation process. In
electroless plating, the solution temperature was found to be an important parameter in obtaining
a well controlled deposition. Sizing, surface cleaning and activation were essential for creating a
uniform thin catalyst layer on all glass microballoons.
Thermal conductivity tests were performed on plain, nanotube-mixed and nanotubegrown syntactic foams. At 50% volume fraction of microballoons, the nanotube-grown foam
samples showed an increase of 86% and 92% in thermal conductivity over plain and nanotubemixed syntactic foams, respectively.

The dispersion of nanotubes was significantly more

effective by growing them on microballoons than by mixing them, as observed with the help of
TEM images. The success of this research has generated new pathways in producing effective
pathways for filler materials in composites.
6.2 Future Work
Nanotubes of very short lengths were obtained in this research. If longer nanotubes are
grown, they can increase the probability of creating a more well-connected network within the
matrix of the material.

The growth technique also can be applied on various reinforcing

materials. Different binding materials need to be experimented to reduce the thermal boundary
resistance. Positive results in testing the mechanical and electrical properties of the nanotubegrown syntactic foams will help in achieving the creation of a fully multi-functional composite
material.
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